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Abstract 
This work presents a comprehensive study on the application of PAT tools to study, 
monitor and control polymorphism during batch cooling crystallization process. For the 
first time, the same techniques were used to control and adjust polymorphic purity of the 
solid phase but also to investigate the relation between chemical equilibrium in solution 
and polymorphic outcome of cooling crystallization.  
Crystallization is an important unit operation used as separation and purification technique. 
It is widely employed in the pharmaceutical, chemical, agrochemical, food and cosmetics 
industries but also in the electronic, metallurgic and material industries. More than 90% of 
the APIs on the market are produced by crystallization, therefore, monitoring and control 
this process is fundamental to ensure the quality of the final product. The implementation 
of process analytical technology (PAT) tools during the development stage of APIs has 
largely helped in better understanding and optimizing both batch and, more recently, 
continuous crystallization.  
Polymorphism is the capacity of a compound to crystallize in more than one different 
crystalline structure, which can have different properties such as density, melting point, 
bioavailability and solubility. The choice of solvent, pH, kinetic conditions and presence of 
impurities has very strong effect on the polymorphic outcome of a cooling crystallization 
in solution. Understanding this phenomenon as well as being able to monitor and control it 
during industrial crystallization is one the biggest challenges for pharmaceutical industries. 
The correct interpretation of signals from PAT tools and the development of efficient 
calibration functions is very important in order to have a good understanding of the 
process monitored and to avoid mistakes during the manufacturing stage that can lead to 
failed batches. For this reason a good calibration practice procedure (GCPP) for Raman 
spectroscopy was developed in this thesis for the quantitative determination of 
polymorphic purity in solid slurries. Despite being developed for the application of Raman 
spectroscopy for crystallization monitoring, the GCPP is a general procedure that can be 
applied to any other spectroscopic technique and for the study of several other processes.  
Additionally, the concept of composite sensor array (CSA) is experimentally tested for the 
first time in this thesis: signals from multiple PAT tools during a polymorphic 
transformation are collected and processed using a dimension reduction technique 
(principal component analysis, PCA) for an easier and quicker monitoring of the process. 
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In fact, the application of PCA reduces the amount of signals that have to be monitored to 
two or three main principal components that contains and summarize all the information 
from the PAT tools used.  
In this work, polymorphic purity of the solid phase during a cooling crystallization was 
controlled using a simple feedback control strategy (active polymorphic feedback control, 
APFC) that combines Raman and ATR-UV/Vis spectroscopy to select and grow the stable 
polymorph after nucleation of a mixture or erroneous seeding was developed; that was the 
first example of integration of signal for feedback control of the crystallization of 
polymorphic systems. A model-based APFC was also developed to control crystal purity 
and also maximise the size distribution at the end of the batch crystallization process. 
The second part of this thesis is dedicated to understand the phenomenon of polymorphism 
and, in particular, the effect of solvent and additives on the polymorphic outcome of 
cooling crystallization processes. A good knowledge of these effects can help in the 
correct design of the crystallization conditions to ensure the quality of the final product.  A 
strong relationship between chemical equilibrium in solution and polymorphic form 
nucleated was found using ATR-UV/Vis and Raman spectroscopy for a zwitterionic 
compound (OABA). Furthermore, polymorphism of OABA was successfully tailored 
using combinations of solvents and different amounts of a structurally related additive.  
In the last chapters of this work the crystallization of a biopharmaceutical compound 
(vitamin B12) was investigated using PAT tools. The compound was donated by Hebei 
Welcome Pharmaceutical Co., LTD (China) and it is normally commercialised as 
nutritional supplement. This vitamin is produced mainly by fermentation and presents a 
high amount of impurities to eliminate. Impurities were found to strongly inhibit growth of 
the compound and greatly decrease the quality of the final crystal size distribution. Several 
feedback control strategies using FBRM and ATR-UV/Vis spectroscopy were tested on the 
batch crystallization of vitamin B12 in order to improve purity and crystal size distribution 
at the end of the process. 
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1 Introduction 
1.1 Background 
Crystallization is one of the oldest unit operations in the chemical industry that can be 
carried out in several ways (Mullin 2001). Crystallization from solution or by evaporation 
are widely used in the pharmaceutical, chemical, agrochemical, food and cosmetics 
industries while melt crystallization is mainly exploited in the electronic, metallurgic and 
material industries. Pharmaceutical tablets are made of small crystals, as well as fertilizers 
and daily use products such as cooking salt, sugar and chocolate. Solar panels are instead 
produced by cutting in slices huge silicon monocrystals and turbines blades for the 
aeronautical industries are also constituted by a big single crystal of a superalloy. Although 
the widespread use of this process some of its aspects are still not completely understood, 
especially regarding crystallization from solutions. The presence of the solvent and the 
chemical equilibrium between solvent and solute molecules greatly influence the crystals 
produced and make the process quite complex to understand. Mixing also has a strong 
effect on cooling crystallization as well as the rate of cooling and the interaction with a 
second solvent for antisolvent crystallizations. Additionally, the presence of impurities or 
additives can complicate the process even further. 
A large portion of literature is dedicated to understanding nucleation from solution, in 
particular how solute molecules self-assembly during, or just before nucleation, what is the 
exact mechanism and kinetics of nucleation and how solvent or external particles can 
affect it (Davey et al. 2002a; Davey et al. 2002b; Davey et al. 2013; Davey and Garside 
2000; Threlfall 2000; Kulkarni et al. 2014; Vekilov 2010; Sullivan et al. 2014; Yani et al. 
2012). Growth and its possible mechanisms are also largely studied in order to have a 
better control over the shape and size of crystals during the manufacturing process 
(Acevedo and Nagy 2014; Ma and Wang 2012; Kubota 2001; Borsos et al. 2014; Nagy et 
al. 2011; Aamir et al. 2010). The choice of solvent, the temperature profile, the mixing 
conditions and the presence of impurities or additives can change the growth kinetics of 
the crystals and affect the efficiency of the downstream operations as well as the overall 
quality of the final product. Several studies are currently being conducted on growth and 
shape control, using both experiments and modelling techniques (Borsos et al. 2014; 
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Majumder and Nagy 2013c; Ilevbare et al. 2012a; Larsen et al 2006; Acevedo et al. 2015; 
Braatz et al. 2012, Saleemi 2011).  
Another important challenge for crystal engineers and crystallographers is to better 
understand the ability of many compounds to nucleate with different crystal structures 
(polymorphism). Polymorphs of the same compound can have very different properties 
(solubility, bioavailability, melting point, density) and the quality of the final product is 
deeply dependent on the polymorphic form of the crystals produced. After many famous 
accidents caused by this problem, screening for polymorphs is now a routine procedure 
during the development of a new drug in pharmaceutical industries.  
 
Figure  1.1: The Ritonavir case was one of the first issue with polymorphism occurred in a pharmaceutical 
industry. Article from the Pharmaceutical Journal (vol. 261).  
 
The first major issue with polymorphs is the Ritonavir case: this anti-HIV Abbott drug 
started being commercialized in the early nineties but it had to be withdrawn in 1998 
because of the appearance of a more stable, and therefore less soluble, polymorphic form. 
The new form was failing the dissolution tests and was not effective for the treatment of 
the disease. Abbott had to reformulate the drug and the losses were estimated in about 250 
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million dollars (Chemburkar et al. 2000). Eventually other three polymorphic forms of 
Ritonavir were discovered for a total of five polymorphs for this compound (Morissette et 
al. 2003). In more recent years, a skin’s patch (the Rotigotine produced by Aderis 
Pharmaceuticals) for the treatment of the symptoms of early Parkinson disease had to be 
recalled from the market because of the crystallization of a less soluble crystalline 
structure on the patch surface. The new polymorph had a reduced solubility that caused it 
to remain in the patch and decreased the amount of the active ingredient available for 
release (Cajigal 2008). 
 
Figure  1.2: the Rotigotine patch and the crystals nucleated on it. Image from Neurology Today: 
17 April 2008 - Volume 8 - Issue 8 - pp 1,8.  
 
Polymorphism and pseudo polymorphism (co-crystals, solvates and hydrates) have being 
extensively studied especially in the last twenty years in order to determine the factors 
affecting this phenomenon and to be able to control it (Bernstein 2011; Chieng et al. 2011; 
Mangin, et al. 2009; Kitamura 2002). Understanding the main phenomena related to 
solution crystallization is not the only topic of interest for crystallization scientists; the 
development and application of new technologies to control the crystallization process and 
the quality of the crystals is also essential. Off-line, at-line and in situ techniques that can 
give information on the nucleation time and temperature, solute concentration, crystalline 
structure, size and shape of the crystals in slurry are being explored and new manual and 
automatic control strategies are being developed. Process analytical technologies (PAT) 
tools started being used for in situ monitoring and control of batch crystallization through 
several feedback strategies. Up to date, they have been used for in situ control over the size 
and number of particles, their shape and polymorphic form. PAT tools are also very useful 
in extracting information on the kinetics of nucleation, growth, agglomeration and 
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breakage and determine more sophisticated control strategies using modelling techniques 
(Nagy et al. 2013; Samad et al. 2013; Braatz et al. 2012). 
 
1.2 Research aims 
The aims of this thesis work can be summarized in: 
• Analysing, comparing, and combining the signals of several PAT tools for getting 
both qualitative and quantitative information during crystallization processes in the 
presence of multiple polymorphs. Solute concentration and solid composition are 
the most important parameters to measure during a crystallization process with 
polymorphic transformation: opportune experiments can be designed and 
chemometrics can be used to determine calibration functions that can predict those 
parameters. Alternatively, chemometrics can be used to merge the data from 
multiple PAT tools and get information that can be immediately and more easily 
interpreted. 
• Studying Raman spectroscopy and its features and exploring its use for polymorph 
control during batch crystallization processes. In particular, developing a feedback 
control strategy for the selection of the right polymorph after nucleation of a 
mixture of polymorphs or erroneous seeding. 
• Modelling and optimizing a system with different polymorphs in slurry using 
population balance equations solved with the method of moments. That requires 
estimation of the kinetics parameters through specifically designed experiments 
and development of a model in Matlab. 
• Examining in details the effect of solvent composition and additives on the 
polymorphic outcome of cooling crystallization processes. In particular, trying to 
get a better understanding of the relation between the crystal structure of the 
different polymorph nucleated and the physical-chemical properties of solvent and 
additives. 
• Appling PAT tools and feedback control strategies for the study and optimization 
of the crystallization process of a biopharmaceutical compound. Substances 
produced by fermentation are usually more impure than chemically synthetized 
compounds and, therefore, crystallization has to be carefully designed and control 
in order to obtain the required quality of the crystals. 
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1.3 Research contribution 
The main contributions of this thesis are: 
a) The determination of a good calibration practice procedure for the application of 
quantitative Raman spectroscopy for monitoring polymorphic transformations. For 
the first time, a complete study on the effect of the different properties of the 
analysed sample on the Raman signal has been performed and used, together with 
design of experiments, to develop a calibration strategy for polymorphic form 
determination in slurries.  
b) A comparison of several PAT tools for obtaining quantitative information on solute 
concentration and polymorphic ratio of slurries. Different chemometrics techniques 
were applied and the characteristics of each signal for the specific system used 
studied. 
c) The development of a novel active polymorphic feedback control (APFC) that 
combines Raman and ATR-UV/Vis spectroscopy for the selection and growth of 
the stable form of an organic compound after nucleation of a mixture of 
polymorphs or erroneous seeding. Raman spectroscopy can detect the undesired 
polymorphs and triggers a heating cycle that dissolves it. After elimination of the 
metastable form supersaturation control using ATR-UV/Vis can grow the stable 
form. Both a model-free (experimental) and a model–based APFC were developed 
in this thesis.  
d) A first example of composite sensor array is presented in this work. Different 
combinations of PAT tools were used to monitor a polymorphic transformation: the 
signals were merged together and analysed using principal component analysis in 
order to obtain more immediate and easy to interpret information. A selection 
criterion using rotated loadings was also proposed for the selection or the best 
combination of sensors for the study of a specific system. 
e) A comprehensive study on polymorphism of a zwitterionic compound in different 
solvents and with the addition of a structurally related additive. Cooling 
crystallizations of anthranilic acid were performed in different combinations of 
solvents and additive: specific relations between the polymorphic form nucleated 
and the chemical interactions between additive-solute and solvent-solute were 
found. 
 
Introduction 6 
_________________________________________________________________________ 
_________________________________________________________________________ 
Application of process analytical technology (PAT) tools for the better understanding and 
control of the crystallization of polymorphic and impure systems 
1.4 Thesis structure 
Chapter 2 presents a literature review which includes the fundamentals of solubility, 
crystal nucleation, growth and polymorphism. It also shortly describes the population 
balance equations and the methods of moments for modelling and optimization of 
crystallization processes. The definition of PAT tools is also given, together with a 
description of their use and importance in both pharmaceutical and biopharmaceutical 
industries. The different tools used in the experimental work are described in detail 
together with further analytical techniques used. Basics of chemometrics applied to 
spectroscopic data are also discussed in this chapter. Finally the last section of the 
literature review is dedicated to feedback control strategies for polymorph control. 
Chapter 3 is the methodology chapter. All the materials and instrumentation used during 
this work are presented in it. The final section shows the rig used in the experiments. 
Chapter 4 describes a good calibration practice procedure for extracting quantitative 
information about the polymorphic state of slurries using Raman spectroscopy. The first 
part is dedicated to the study of Raman signal and the possible parameters that can 
influence it during a crystallization experiment, while the second part shows the results of 
a systematic calibration conducted with design of experiments.  
In Chapter 5 several spectroscopic techniques are analysed, calibrated and compared for 
the quantitative estimation of solute concentration and polymorphic ratio of a slurry during 
a crystallization process. A general experimental procedure is described as well as the 
chemometrics techniques used for the data manipulation. 
Chapter 6 presents the concept of active polymorphic feedback control (APFC): a 
feedback strategy that uses a combination of Raman and ATR-UV/Vis spectroscopy in 
order to obtain the desired polymorphic form of anthranilic acid (OABA) during batch 
crystallization processes.  
A model-based approach of the APFC is described in Chapter 7. The kinetics parameters 
of the studied system are estimated using a specific design of experiments and then applied 
to model and optimize the APFC using the population balance equations solved with the 
method of moments. 
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Chapter 8 presents the concept of composite sensor array (CSA). A polymorphic 
transformation is studied using multiple PAT tools and combining all the signals together 
through chemometrics techniques in order to simplify and extract more useful and 
understandable information. 
Chapter 9 shows a study on the solvent effect on polymorphism of a zwitterionic 
compound, anthranilic acid (OABA). ATR-UV/Vis and Raman spectroscopy are used to 
study the effect of different mixtures of water and an organic solvent on the polymorphic 
outcome of cooling crystallization processes. 
In Chapter 10 the effects of combinations of solvents and a structurally related additive on 
the cooling crystallization of anthranilic acid are studied. The changes induced on 
nucleation kinetics, growth, agglomeration and polymorphism of anthranilic acid are 
examined. 
Chapter 11 shows the effect of impurities on the crystallization of a biopharmaceutical 
compound (vitamin B12) and demonstrate the efficacy of PAT tools in understanding and 
controlling the crystallization process of a the studied compound.  
In Chapter 12 several feedback control strategies exploiting PAT tools are tested for the 
crystallization of impure vitamin B12. The effect of direct nucleation control, simple slow 
linear cooling, temperature cycling and supersaturation control on crystal size distribution 
and purity of vitamin B12 were analysed. 
The final Chapter 13 shows the main conclusions of this works and gives some 
recommendations for future work. 
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2 Literature review 
During crystallization an ensemble of randomly organized molecules, ions or atoms in a 
fluid come together to create an ordered and regular three-dimensional structure that is 
called crystal. The crystallization process can be seen as a purification technique, a 
separation process or a branch of particle technology (Mullin 2001). 
 
2.1 Solutions and solubility 
A solution is a homogenous mixture of two or more substances. It can be in a gaseous, 
liquid or solid state and its constituent are called solvent (the continuous phase) and solute 
(the dispersed phase). Water is the most used solvent for the industrial crystallization of 
inorganic substances because it can dissolve many compounds; it is readily available, 
cheap and innocuous. For organic chemicals in industrial applications, when water cannot 
be used, solvents are chosen from the following categories: acetic acid and its esters, lower 
alcohols and ketones, ethers, chlorinated hydrocarbons, benzene homologues and light 
petroleum fractions (Mullin 2001). The solubility of a solute represents the maximum 
concentration that can be dissolved in a specific solvent at any temperature. Because this 
parameter is usually strongly affected by temperature solubility curves are built, which 
report the solubility as a function of temperature. Figure 2.1 shows a hypothetical 
solubility curve: if the concentration is below the solubility curve the solution is 
undersaturated and existing crystals dissolve. 
 
Figure 2.1: Solubility/ supersolubility diagram. 
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A solution above the solubility curve is called supersaturated, in there crystals can nucleate 
and grow. However, at low supersaturations, existing crystals grow but the formation of 
new crystals is difficult. Nucleation usually requires a critical level of supersaturation to 
happen. The region between equilibrium and the supersaturation level necessary to induce 
nucleation is called metastable zone. The width of this zone depends both on kinetics and 
thermodynamic factors (Davey and Garside 2000). Supersaturation is, therefore, the 
driving force for nucleation and growth. It is defined as the difference between the 
chemical potential of the solute molecules in the supersaturated (µss) and saturated (µeq) 
state respectively (Mangin et al. 2009). 
The expression of supersaturation 𝜎𝜎 can be written as: 
𝜎𝜎 =  µ𝑠𝑠𝑠𝑠−µ𝑒𝑒𝑒𝑒
𝑘𝑘𝑘𝑘
,                 (2.1) 
where 𝑘𝑘 is the Boltzmann constant and 𝑇𝑇 is the temperature. 
Using the Gibbs-Duhem equation the chemical potentials can be related to the activities, 
which, for ideal solutions, are independent from concentration: 
𝜎𝜎 =  𝑙𝑙𝑙𝑙 �𝑎𝑎𝑠𝑠𝑠𝑠
𝑎𝑎𝑒𝑒𝑒𝑒
� → 𝑙𝑙𝑙𝑙 �
𝑥𝑥𝑠𝑠𝑠𝑠
𝑥𝑥𝑒𝑒𝑒𝑒
� ≈
𝑥𝑥𝑠𝑠𝑠𝑠−𝑥𝑥𝑒𝑒𝑒𝑒
𝑥𝑥𝑒𝑒𝑒𝑒
.              (2.2) 
The letter 𝑥𝑥  refers to the molar fractions of solute in the supersaturated and saturated 
solution. 
In industrial applications the supersaturation is more commonly defined as: 
∆𝐶𝐶 = 𝐶𝐶𝑠𝑠𝑠𝑠 − 𝐶𝐶𝑒𝑒𝑒𝑒,                (2.3) 
where 𝐶𝐶 is the concentration of solute, ∆𝐶𝐶 is usually called “concentration driving force” 
and is more suitable than the chemical potential for engineering applications. 
 
2.2 Crystallization techniques 
Crystallization usually takes place in a solution or in an impure liquid above its melting 
point. This situation has led to the development of two major crystallization techniques 
(Davey 2003): 
• Suspension crystallization (solution mediated crystallization) 
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• Solidification of melts 
Suspension crystallization can be realized by cooling, solvent evaporation or by 
antisolvent addiction. The aim is the same: creating a supersaturated solution that allows 
nucleation and/or growth of the crystals. Evaporation is used with substances whose 
solubility is slightly dependent on temperature.  
In some applications the solution can be sprayed from the top of a tower in form of drops 
that cool below their melting point as they fall and solidify in form of crystals. Progressive 
freezing is another possibility: a cooling surface (at a temperature below the melting point 
of the liquid) is placed in contact with the melt and a layer of solid will form at the surface. 
This layer will grow while heat is removed at the surface. 
 
2.3 Nucleation  
Supersaturation is not sufficient for a system to begin to crystallize. Some nuclei or seeds 
must be present in the solution to act as centres of crystallization.  
 
 
 
Nucleation 
Primary Secondary 
Homogeneous Heterogeneous Impact with external surface 
Fracture 
Crystal-crystal 
contact 
Initial 
breeding 
Dendritic 
separation 
Figure 2.2: Nucleation mechanisms (Rawlings, J. 1993). 
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Nucleation can occur spontaneously or it may be induced artificially. It can also be 
triggered by agitation, mechanical shock, friction and pressure within solutions or melts 
(Mullin 2001). Nucleation that happens in systems which do not contain crystals is defined 
as “primary”. If the nuclei appear in the vicinity of other crystals in a supersaturated 
solution the process is then called “secondary” nucleation. Primary nucleation can be 
homogeneous if it happens spontaneously in the solution or heterogeneous if it is induced 
by foreign particles. A schematic summary of the principal types of nucleation is shown in 
Figure 2.2. 
2.3.1 Primary nucleation: homogeneous 
There are two opposite theories used to describe homogeneous nucleation: 
- The classical nucleation theory (CNT); 
- The two-step nucleation theory. 
According to the CNT, nucleation is a first-order phase transition that requires energy to 
happen. The thermodynamic explanation of this phenomenon was given by Gibbs in the 
19th century. The free energy change for the formation of a stable cluster that can grow is 
the sum of the free energy required for the phase transformation (∆𝐺𝐺𝑉𝑉 ), which is 
proportional to the volume of the nucleus, and the free energy to form a surface (∆𝐺𝐺𝑆𝑆), 
which is proportional to the surface of the cluster itself. In a supersaturated solution the 
solid state is more stable than the solution so ∆𝐺𝐺𝑉𝑉 is a negative term and tends to decrease 
the barrier energy for nucleation. The ∆𝐺𝐺𝑠𝑠  instead is associated with the presence of a 
discontinuity of concentration at the solution-crystal boundary, thus is positive and tends 
to increase the total ∆𝐺𝐺𝑉𝑉 as shown in Figure 2.3 (Erdemir et al. 2009). In the CNT the 
activation energy for the nucleation is related to the size of the cluster: a group of 
molecules becomes stable and can grow when it reaches a critical size. Below that the 
molecules tend to dissolve again in the solution (Davey and Garside 2000). Clusters of this 
critical size are called critical nuclei and the chance of forming nuclei of this size will 
depend on the height of the free energy barrier. As the supersaturation increases, both the 
height of the barrier and the value of the critical size decrease. The rate of nucleation for 
the CNT is defined as the rate at which cluster grow through this critical size and become a 
crystal. A simple, semi empirical equation can be derived from an energy balance on a 
critical nucleus and is reported below (Mullin 2001): 
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𝐽𝐽 = 𝐴𝐴 𝑒𝑒𝑥𝑥𝑒𝑒 �− 16𝜋𝜋𝛾𝛾3𝜈𝜈2
3𝑘𝑘3𝑘𝑘2(𝑙𝑙𝑙𝑙 𝑆𝑆)2�.               (2.4) 
The equation has the typical Arrhenius form where: 𝑇𝑇  is the temperature, 𝑆𝑆  the 
supersaturation, 𝑘𝑘 the Boltzmann constant, 𝛾𝛾 is the interfacial tension on the surface of the 
cluster and 𝜈𝜈 the molecular volume. 
 
Figure 2.3: Free energy diagram of nucleation. 
 
The CNT approach was found not to perfectly work for some proteins and few organic and 
inorganic molecules, for which the two-step theory seems to work better (Vekilov 2010). 
According to this theory the formation of a nucleus is preceded by the formation of a 
stable liquid cluster at higher density than the solution. The high concentration of 
molecules in this cluster favours the formation of the solid nuclei which then can grow in 
ordered crystalline structures (Davey et al. 2013). Both the theories imply the formation of 
clusters in the liquid phase where molecules are connected to each other by weak forces 
(polar, hydrogen bonding ect.). The difference is that for the CNT clusters are metastable, 
while for the two step nucleation theory clusters represent a distinct, stable phase. The type 
of interactions at the cluster level is very important in the determination of the 
polymorphic form of the nucleated crystals (Davey et al. 2013; Vekilov 2010; Bernstein 
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2011). For this reason, many researchers are currently trying to understand how the nature 
of the chemical bonding before nucleation affects the polymorphic form nucleated (Davey 
et al. 2001; Chiarella et al. 2007; Parveen et al. 2005; Davey et al. 2006; Kulkarni et al. 
2012). The most used technique to detect changes in the liquid state just before nucleation 
is ATR-FTIR although Kulkarni has successfully used Raman to understand the type of 
bonding between molecules of isonicotinamide in different solvents. 
2.3.2 Secondary nucleation 
Secondary nucleation happens in the presence of other crystals and it can be affected by 
many parameters. It can be expressed empirically by a power law function: 
𝐵𝐵 =  𝑘𝑘𝐵𝐵𝑀𝑀𝑘𝑘𝑗𝑗𝑁𝑁𝑘𝑘∆𝐶𝐶𝑏𝑏;                (2.5) 
where 𝐵𝐵  is the secondary nucleation rate, 𝑁𝑁  is a measure of the fluid mechanics 
interactions and of the power inputs (a stirrer or a pump impeller), ∆𝐶𝐶  is the 
supersaturation and 𝑀𝑀𝑘𝑘 is the concentration of crystals in the solution. 𝑘𝑘𝐵𝐵, 𝑗𝑗, 𝑘𝑘 and 𝑏𝑏 can 
be predicted by semi-empirical models of contact nucleation in crystallizers (Davey and 
Garside 2000). 
 
2.4 Crystal growth 
The growth of a crystal is a combination of two stages in series: diffusion and reaction. 
The molecules must diffuse from the bulk to the surface of the nuclei where they can 
attach. Therefore, two resistances in series are present: diffusion (1 𝑘𝑘𝑑𝑑� ) and particle 
integration on the surface (1 𝑘𝑘𝑟𝑟� ). The expressions of the mass flux to the crystal surface 
for the two mechanisms are reported below (Mullin 2001): 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
= 𝑘𝑘𝑑𝑑𝐴𝐴(𝑐𝑐 − 𝑐𝑐𝑖𝑖),                (2.6) 
for diffusion, 
dm
dt
=  krA(ci − c∗),                 (2.7) 
for reaction. 
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Figure 2.4 is a schematic picture of the diffusion-reaction model. It is possible to identify 
in the figure: (i) the crystal surface, (ii) the absorption layer where the solids in suspension 
come in contact with the crystal (iii) the stagnant film where the diffusion takes place and 
(iv) the bulk at constant concentration. 
 
 
 
Because of the difficulty in measuring the interface concentration 𝐶𝐶𝑖𝑖 the two equations are 
normally combined together as follows: 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
=  𝐾𝐾𝐺𝐺𝐴𝐴(𝑐𝑐 − 𝑐𝑐∗)𝑔𝑔,                (2.8) 
where 𝐾𝐾𝐺𝐺 is the overall crystal growth coefficient and 𝑔𝑔 is the order of the overall crystal 
growth process. If 𝑔𝑔=1 then: 
1
𝐾𝐾𝐺𝐺
=  1
𝑘𝑘𝑟𝑟
+ 1
𝑘𝑘𝑑𝑑
.                (2.9) 
A system can have a diffusion controlled growth kinetics if 𝑘𝑘𝑟𝑟 ≫ 𝑘𝑘𝑑𝑑  or a integration 
controlled growth kinetic if 𝑘𝑘𝑑𝑑 ≫ 𝑘𝑘𝑟𝑟. 
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Figure 2.4: Concentration driving forces in crystallization from solution according to the simple diffusion-reaction 
model (Mullin 2001). 
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2.5 Polymorphism 
The capacity of a substance to exist in two or more different crystalline structures is called 
polymorphism. The first definition of polymorphic form was given by Mitscherlinch in 
1821, in relation to arsenates, phosphates and sulphur while, in 1832, Wöhler and Liebig 
discovered the first example of polymorphism in an organic substance. In 1899, Ostwald 
concluded that almost every substance could exist in two or more solid phases (Davey and 
Garside 2000). Polymorphism can be considered the rule rather than an exception as also 
stated by Walter McCrone who, in 1965, wrote: “Every compound has different 
polymorphic forms, and, in general, the number of forms known for a given compound is 
proportional to the time and money spent in research on that compound”(McCrone 1965). 
The nucleation of a certain polymorph and the transition between one form to another is an 
important issue in industry because different polymorphs have different chemical and 
physical properties. A polymorphic transformation occurs in response to changes in 
pressure, temperature, composition, pH ect; therefore, it can happen in several stages of 
tablet manufacturing, from the crystallization stage, to drying, milling granulation or 
storage. There are four possible polymorphic transformations: solid state, solution 
mediated, melt mediated and interface mediated. From a kinetic point of view the solid 
state transformation occurs much slower than the other three since it requires larger 
activation energy (Sato 1993).  
The solution mediated transformation is among the most interesting because the solvent 
can have a strong influence both on the thermodynamic and the kinetic parameters. 
Besides, crystallization from solutions is widely used in pharmaceutical, food and 
agrochemical industries and the interest in understanding and controlling this mechanism 
is very high. For all these reasons, in this section of the literature review, a brief 
description of solvent-mediated polymorphic transformation is presented. 
In a dimorphic system constituted by form I and II, at specific temperature and pressure, 
the more stable form (II for example) has the lower free energy: 
𝐺𝐺𝐼𝐼𝐼𝐼 <  𝐺𝐺𝐼𝐼,               (2.10) 
which is, in terms of chemical potentials can be written as: 
µ𝐼𝐼𝐼𝐼,𝑠𝑠𝑠𝑠𝑙𝑙𝑖𝑖𝑑𝑑 <  µ𝐼𝐼,𝑠𝑠𝑠𝑠𝑙𝑙𝑖𝑖𝑑𝑑.               (2.11) 
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At equilibrium the solution and the solids have the same chemical potential, thus: 
µ𝐼𝐼,𝑠𝑠𝑠𝑠𝑙𝑙𝑖𝑖𝑑𝑑 =  µ𝐼𝐼,𝑠𝑠𝑠𝑠𝑙𝑙𝑠𝑠𝑑𝑑𝑖𝑖𝑠𝑠𝑙𝑙 =  µ0 + 𝑅𝑅𝑇𝑇 𝑙𝑙𝑙𝑙 𝑎𝑎𝐼𝐼,𝑠𝑠𝑠𝑠𝑙𝑙𝑠𝑠𝑑𝑑𝑖𝑖𝑠𝑠𝑙𝑙,           (2.12) 
µ𝐼𝐼𝐼𝐼,𝑠𝑠𝑠𝑠𝑙𝑙𝑖𝑖𝑑𝑑 =  µ𝐼𝐼𝐼𝐼,𝑠𝑠𝑠𝑠𝑙𝑙𝑠𝑠𝑑𝑑𝑖𝑖𝑠𝑠𝑙𝑙 =  µ0 + 𝑅𝑅𝑇𝑇 𝑙𝑙𝑙𝑙 𝑎𝑎𝐼𝐼𝐼𝐼,𝑠𝑠𝑠𝑠𝑙𝑙𝑠𝑠𝑑𝑑𝑖𝑖𝑠𝑠𝑙𝑙,           (2.13) 
where 𝜇𝜇0  is the standard chemical potential and 𝑎𝑎𝐼𝐼,𝑠𝑠𝑠𝑠𝑙𝑙𝑠𝑠𝑑𝑑𝑖𝑖𝑠𝑠𝑙𝑙  and 𝑎𝑎𝐼𝐼𝐼𝐼,𝑠𝑠𝑠𝑠𝑙𝑙𝑠𝑠𝑑𝑑𝑖𝑖𝑠𝑠𝑙𝑙  the solution 
activities. Combining the last three equations it can be inferred: 
𝑎𝑎𝐼𝐼𝐼𝐼 <  𝑎𝑎𝐼𝐼.                (2.14) 
Because the activities are proportional to the equilibrium concentration of the polymorph 
in solution, it can be written (Mangin et al. 2009): 
𝐶𝐶𝐼𝐼𝐼𝐼 < 𝐶𝐶𝐼𝐼.                (2.15) 
In conclusion the most stable form will always be the more soluble in every solvent at 
given temperature and pressure. There are two possible situations for a dimorphic system: 
• The system is considered enantiotropic if the solubility curves cross each other 
at a lower temperature (called transition temperature) than the melting points of 
both form I and II. See Figure 2.5 (a). 
• The system is considered monotropic if the solubility curves do not cross each 
other in solution. See Figure 2.5 (b). 
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Figure 2.5: Monotropic system (a) and enantiotropic (b). 
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The less stable form is called “metastable” and it can nucleate for kinetic reasons but it 
will always tend to transform into the thermodynamically stable polymorph. The classical 
nucleation theory is usually good enough to describe the nucleation of many organic 
molecules included polymorphs remembering that the competitive nucleation between 
them can generate a very complex system. Solvent was proved to have a strong effect on 
the nucleation of one polymorph or another because of the kind of bonds that can form in 
the clusters (Bernstein 2011). Also the level of supersaturation affects the polymorph 
nucleated: generally, high supersaturation favours the nucleation of the metastable form. 
Additives can also direct the nucleation towards a specific polymorph rather than others. In 
chapter 9 and 10 of this thesis a more detailed study on the effect of solvent, additives and 
kinetic conditions on the nucleation of an organic polymorphic compound will be 
presented. The polymorphic transformation from a metastable to a stable structure is the 
result of a combined effect of competitive nucleation and crystal growth of the two 
different polymorphs as shown in the schematic of Figure 2.6.  
 
 
 
During the polymorphic transformation the metastable form dissolves in the solution while 
the stable form nucleates. The difference in solubility is the driving force of the process 
but the rate of transformation depends on many different factors such as temperature, 
solvent, crystal size, stirring rate, impurities etc. (Kitamura 2002). The solute 
concentration changes in time according to the relative speed of the processes of 
dissolution of the metastable form and nucleation and growth of the stable one (Cardew 
Solubility of polymorphs 
- Supersaturation 
- Temperature 
- Stirring rate 
- Seed crystals 
- Solvent 
- Additives 
- pH 
- Nucleation 
- Growth 
Figure 2.6: Schematic of controlling factors in crystallization of polymorphs (Kitamura, Mitsutaka 2002). 
- Additive 
- Interface 
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and Davey 1985). If the dissolution of the metastable form is considerably slower than 
growth and nucleation of the stable one the process is defined dissolution-controlled. On 
the contrary, if growth of the stable form is the limiting factor the transformation is called 
growth-controlled. Figure 2.7 shows the trend of supersaturation for the two limiting and 
an intermediate case. If nucleation and growth of the stable form are significantly slower 
than the dissolution of the metastable form, the supersaturation remains constant for a long 
time since the dissolution process is able to sustain the growth one. When all the 
metastable form is dissolved the supersaturation rapidly drops down and the solubility of 
the solution reaches the one of the stable form. In the opposite case, if dissolution is slower, 
the supersaturation falls rapidly from the initial value to a very low one (solubility close to 
the equilibrium of the stable polymorph) because of the nucleation and growth of the 
stable form and then slowly goes to zero as dissolution of the metastable polymorph 
proceeds. If there is not a controlling factor the supersaturation profile is intermediate 
between the two limiting case (Cardew and Davey 1985; Davey and Cardew 1986). 
 
Figure 2.7: Supersaturation profile in the case (a) growth-limited (b) intermediate case (c) dissolution-limited. 
 
Growth controlled kinetics is usually more common for organic compounds than 
dissolution controlled: piracetam, carbamazepine and glutamic acid present this type of 
kinetic (Scholl et al. 2006; Maher et al. 2012; Tian et al. 2006; O’Brien et al. 2004). 
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2.6 Impurities effect 
Impurities in a crystallizer can have an incredibly large effect on the properties of the 
crystals produced in term of size distribution, shape and aspect ratio, polymorphic form 
and purity. They can inhibit crystal growth and delay nucleation as well as induce the 
nucleation of a different polymorphic form. A common model to describe the rate of 
crystal growth in solution in the presence of impurities was proposed in the late nineties by 
Kubota and Mullin (Kubota 2001; Kubota et al. 2000; Kubota et al. 1997; Kubota and 
Mullin 1995). The equations are based on the pinning mechanism of Cabrera and 
Vermilyea for the inhibition of step advancement considering one-dimensional adsorption 
of the impurities on the step lines. Besides, the impurities adsorption is assumed to obey 
the Langmuir adsorption isotherm. According to the pinning mechanism the step 
displacements (where growth normally proceeds) are stopped by impurities adsorbed on 
the crystal and, therefore, are forced to curve as shown in Figure 2.8 (Sangwal 1996; van 
Enckevort et al. 1996).  
 
Figure 2.8: Model of impurity adsorption. Impurity are adsorbed on the step lines at kink sites ant retard the 
advancement of the step. 
 
The step-advancement velocity can be written as: 
𝜈𝜈
𝜈𝜈0
= 1 − 𝛼𝛼𝜃𝜃𝑒𝑒𝑒𝑒,               (2.16) 
and  
𝜈𝜈
𝜈𝜈0
= 0 𝑓𝑓𝑓𝑓𝑓𝑓 𝛼𝛼𝜃𝜃𝑒𝑒𝑒𝑒 > 1 ,              (2.17) 
Impurity 
Crystal 
Step 
Step 
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where 𝜈𝜈  is the step-advancement velocity in the presence of impurities, 𝜈𝜈0 the step-
advancement velocity for the pure system, 𝛼𝛼 the impurity effectiveness factor and 𝜃𝜃𝑒𝑒𝑒𝑒 the 
surface coverage of active sites on the crystal surface by impurities adsorption. The 
impurity effectiveness is related to the surface area of the crystal per growth unit 𝑎𝑎, the 
edge free energy 𝛾𝛾, the Boltzmann constant 𝑘𝑘, the average distance between active sites 𝐿𝐿, 
the compound supersaturation 𝜎𝜎 and the temperature 𝑇𝑇 with the equation: 
𝛼𝛼 =  𝛾𝛾𝑎𝑎
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
,                (2.18) 
while the equilibrium surface coverage can be calculated using the Langmuir adsorption 
with first order kinetics: 
𝜃𝜃𝑒𝑒𝑒𝑒 = 𝐾𝐾𝐾𝐾1+𝐾𝐾𝐾𝐾,                (2.19) 
where 𝑐𝑐  is the concentration of impurity and 𝐾𝐾  is the Langmuir constant. The step 
advancement can be replaced by the crystal growth rate if it is assumed to be proportional 
to 𝜈𝜈: 
𝐺𝐺
𝐺𝐺0
= 1 − � 𝛾𝛾𝑎𝑎
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
� �
𝐾𝐾𝐾𝐾
1+𝐾𝐾𝐾𝐾
�,              (2.20) 
It is clear that supersaturation strongly affect the growth in presence of impurities. From 
the growth kinetics equation it is possible to calculate a critical supersaturation below 
which growth can’t happen (𝐺𝐺 = 0): 
𝐺𝐺
𝐺𝐺0
= 1 − �𝑘𝑘
𝑘𝑘𝑐𝑐
�
−1
𝑓𝑓𝑓𝑓𝑓𝑓 𝜎𝜎𝐾𝐾 < 𝜎𝜎 ≪ 1,             (2.21) 
𝜎𝜎𝐾𝐾 =  𝛾𝛾𝑎𝑎𝐾𝐾𝐾𝐾𝑘𝑘𝑘𝑘𝑘𝑘(1+𝐾𝐾𝐾𝐾).               (2.22) 
This mathematical model is well validated and the crystals’ growth rate as a function of the 
concentration and the type of impurities has been largely studied both from a qualitative 
and a quantitative point of view (Tanoury et al. 2002; Wood 2001). The effect of 
impurities on nucleation, however, is still not completely clear (Anwar et al. 2009). A 
delay in nucleation is often observed, that generates crystals at higher supersaturation and 
therefore affects the size of the particles produced and, sometimes, the polymorphic 
outcome of the crystallization. This delay can be related to a change in solubility or to 
chemical interactions between solute, solvent and impurity just before nucleation (Fevotte 
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et al. 2013). Recently, the nucleation and growth rates of several drugs were studied in the 
presence of polymeric additives such as HPMC, PEG, PVP, PAA etc. For example, Vetter 
et al. (2011) studied the effect of a surfactant (Pluronic F127) on the growth kinetics of 
ibuprofen and modelled it using population balance equations.  Similar investigations were 
performed by Alonzo et al. (2012) and Oucherif et al. (2013) who studied and modelled 
the growth and nucleation kinetics of felopidine in the presence of HPMC. The same 
research group also analysed the effect of HPMC and several other polymeric additives on 
flutamide (Trasi and Taylor 2012) and ritonavir (Ilevbare et al. 2012b; Ilevbare et al. 
2012a). Polymers have also been shown to affect the growth and nucleation of inorganic 
compounds; in particular, a very small amount of a polymeric additive (ethylene 
dinitrotetraacetic acid disodium salt, EDTA) could accelerate the growth of potassium 
dihydrogen phosphate (KDP) crystals by forming molecular complexes with adventitious 
impurities in solution and eliminating the inhibiting effect which was observed at higher 
concentration of the polymer (Kuznetsov et al. 1998).  
If impurities are added deliberately to the solution they are called additives and they can be 
used to control the shape of the final crystals (Poornachary et al. 2008b; Poornachary at al. 
2008a; Majumder and Nagy 2013; Clydesdale et al. 1994; Poornachary et al. 2008c), their 
size (Reis et al. 2014; Saleemi et al. 2013; Hendriksen et al. 1998; Garnier et al. 2002) and 
polymorphic form (Price et al. 2005; Weissbuch et al. 1995). The molecular structure of an 
additive or a specific substrate (templates characterized by a film of adsorbed molecules 
are often used) can influence the polymorphic form nucleated: a correspondence between 
the molecular lattice of the substrate/impurity and the target polymorph usually facilitates 
its nucleation, the presence of opportune functionality group in the substrate  can also 
cause the nucleation of a specific polymorphic form (Hiremath et al. 2005; Bonafede and 
Ward 1995; Chadwick et al. 2011; Di Profio et al. 2012; Kulkarni et al. 2014; Lang et al. 
1999). Structurally related additives can inhibit the nucleation or the growth of a certain 
polymorph stabilizing another form (Gu et al. 2002; Mukuta et al. 2005a; Tian et al. 2009; 
He et al. 2001; Davey et al. 2002; Mo et al. 2011; Mukuta et al. 2005b), whereby they can 
be incorporated in the crystal lattice and slow down nucleation or growth of the stable 
polymorph favouring the metastable, and more soluble form (Mo et al. 2011; Mukuta et al. 
2005b). 
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2.7 Population balance equations and solution 
Every time a certain number of particles is present in a continuous system, the concept of 
population can be applied. Particles are in an innumerable variety of systems: solid-liquid 
(such as in crystallization), liquid-liquid and gas-liquid dispersions. Population balance 
equations are widely used to describe the particles behaviour in the continuous media and 
therefore they can be a useful tool in the prediction and design of specific systems 
(Ramakrishna 2000). The basic parameter in population balance is the average number 
density function defined in the particle state space: 
𝐸𝐸[𝑙𝑙(𝑥𝑥, 𝑓𝑓, 𝑡𝑡)] =  𝑓𝑓1(𝑥𝑥, 𝑓𝑓, 𝑡𝑡),              (2.23) 
𝑥𝑥 ∈  𝛺𝛺𝑥𝑥,               (2.24) 
𝑓𝑓 ∈  𝛺𝛺𝑟𝑟,                (2.25) 
In the equation, 𝑙𝑙 is the actual number density as a function of time 𝑡𝑡, external coordinates 
𝑓𝑓 (in the domain Ωr) and internal coordinates 𝑥𝑥 (in the domain Ωx), while 𝑓𝑓1 is the average 
number density function. The total number of particle per unit of spatial volume with an 
internal volume 𝑉𝑉𝑥𝑥 can be calculated with the equation: 
𝑁𝑁(𝑓𝑓, 𝑡𝑡) = ∫ 𝑑𝑑𝑉𝑉𝑥𝑥𝑓𝑓1(𝑥𝑥, 𝑓𝑓, 𝑡𝑡)𝛺𝛺𝑥𝑥 .              (2.26) 
In order to define the population balance equations it is convenient to define a particle 
space continuum that pervades the space of internal, 𝑥𝑥, and external, 𝑓𝑓, coordinates. This 
continuum is deforming in space and time in accordance with the field relative to fixed 
coordinates (Ramakrishna 2000): 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
= ?̇?𝑋(𝑋𝑋,𝑅𝑅,𝑌𝑌, 𝑡𝑡),               (2.27) 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
= ?̇?𝑅(𝑋𝑋,𝑅𝑅,𝑌𝑌, 𝑡𝑡),               (2.28) 
where 𝑌𝑌 is defined as the continuous phase vector, which is a function only of the external 
coordinates 𝑓𝑓and time 𝑡𝑡. Using the Reynolds transport theorem it is possible to write a 
balance equation for 𝑓𝑓1 (Bird et al. 1960): 
𝜕𝜕
𝜕𝜕𝑑𝑑
𝑓𝑓1 + 𝛻𝛻𝑥𝑥 ∙ ?̇?𝑋𝑓𝑓1 + 𝛻𝛻𝑟𝑟 ∙ ?̇?𝑅𝑓𝑓1 = ℎ,             (2.29) 
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where ℎ is the particle generation rate that can be represented by different models. 
The general equation can be simplified. In the case of homogeneity in space (i.e. CSTR 
reactor) the equation can be written as: 
𝜕𝜕
𝜕𝜕𝑑𝑑
𝑓𝑓1 + 𝛻𝛻𝑥𝑥 ∙ ?̇?𝑋𝑓𝑓1 = ℎ + 1𝜃𝜃 �𝑓𝑓1,𝑖𝑖𝑙𝑙 − 𝑓𝑓1�,             (2.30) 
Where 𝜃𝜃  is the resident time in the reactor and 𝑓𝑓1,𝑖𝑖𝑙𝑙  is the particle density function 
associated with the inlet stream. For a batch system at constant volume instead the 
equation becomes:  
𝜕𝜕
𝜕𝜕𝑑𝑑
𝑓𝑓1 + 𝛻𝛻𝑥𝑥 ∙ ?̇?𝑋𝑓𝑓1 = ℎ,               (2.31) 
There are many ways to reformulate the population balance model into computationally 
more affordable forms. For example, one of the most commonly used approaches is the 
method of moments (Ramakrishna 2000). The 𝑗𝑗𝑑𝑑ℎ moment of distribution 𝑓𝑓1 is defined by: 
𝜇𝜇𝑗𝑗(𝑡𝑡) = ∫ 𝑓𝑓𝑗𝑗𝑓𝑓1(𝑓𝑓, 𝑥𝑥, 𝑡𝑡)𝑑𝑑𝑓𝑓∞0 ,              (2.32) 
when crystals are characterized by only one length 𝑓𝑓 = 𝐿𝐿 and 𝑥𝑥 is constant in time and 
space: 
𝜇𝜇𝑗𝑗(𝑡𝑡) = ∫ 𝐿𝐿𝑗𝑗𝑓𝑓1(𝐿𝐿, 𝑡𝑡)𝑑𝑑𝐿𝐿∞0 .              (2.33) 
The method of moments is the simplest way to express the PBEs; more sophisticated 
techniques (i.e. finite elements) can be used but they require a higher computational effort 
to solve the optimization problem.  
The moments have physical meaning. The zeroth moment is related to the total number of 
particles, µ1/µ0  with the average length of the crystals, µ2/µ0  is proportional to the 
surface area and µ3to the total volume of particles in the system. Assuming the initial 
nuclei have zero size the general equation 2.31 can be substituted to a system of equation 
containing the moments: 
𝑑𝑑𝜇𝜇0(𝑑𝑑)
𝑑𝑑𝑑𝑑
= ℎ(𝑡𝑡)𝑉𝑉,               (2.34) 
𝑑𝑑𝜇𝜇𝑗𝑗(𝑑𝑑)
𝑑𝑑𝑑𝑑
= 𝑗𝑗𝜇𝜇𝑗𝑗−1(𝑡𝑡)𝐺𝐺(𝑡𝑡),              (2.35) 
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where 𝐺𝐺(𝑡𝑡) is the growth rate of the crystals: 
𝐺𝐺(𝑡𝑡) = 𝑑𝑑𝑘𝑘
𝑑𝑑𝑑𝑑
≡  𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
.               (2.36) 
PBEs can be used also to predict and simulate polymorphic transformations. In that case, 
one general equation for each polymorph must be considered. Three main mechanisms are 
involved in polymorphic transformations: the nucleation and growth of the more stable 
form and the dissolution of the less stable polymorph. Indicating with the index m the 
parameters of the metastable form, and with s the ones of the stable one the PBEs for a 
polymorphic system can be written as (Hermanto et al. 2007): 
𝜕𝜕𝑓𝑓𝑚𝑚
𝜕𝜕𝑑𝑑
−
𝜕𝜕(𝐷𝐷𝑚𝑚𝑓𝑓𝑚𝑚)
𝜕𝜕𝑘𝑘
= 0,               (2.37) 
𝜕𝜕𝑓𝑓𝑠𝑠
𝜕𝜕𝑑𝑑
+ 𝜕𝜕(𝐺𝐺𝑠𝑠𝑓𝑓𝑠𝑠)
𝜕𝜕𝑘𝑘
= 𝐵𝐵𝑠𝑠𝛿𝛿(𝐿𝐿 − 𝐿𝐿0),              (2.38) 
With initial conditions: 
𝑓𝑓𝑑𝑑
0(𝐿𝐿) = 𝑓𝑓𝑑𝑑(𝐿𝐿, 0),               (2.39) 
𝑓𝑓𝑠𝑠
0(𝐿𝐿) = 0,                (2.40) 
And where: 
𝐷𝐷𝑑𝑑 =  𝑘𝑘𝑑𝑑,𝑑𝑑(𝐶𝐶 − 𝐶𝐶𝑠𝑠𝑎𝑎𝑑𝑑,𝑑𝑑)              (2.41) 
is the dissolution rate of the metastable form,  
𝐺𝐺𝑠𝑠 =  𝑘𝑘𝑔𝑔,𝑠𝑠(𝐶𝐶 − 𝐶𝐶𝑠𝑠𝑎𝑎𝑑𝑑,𝑠𝑠)𝑙𝑙             (2.42) 
is the growth rate of the stable form, and 
𝐵𝐵𝑠𝑠 =  𝐾𝐾𝑏𝑏1𝑆𝑆𝑠𝑠𝑒𝑒𝑥𝑥𝑒𝑒( −𝐾𝐾𝑏𝑏2(ln 𝑆𝑆𝑠𝑠)2)             (2.43) 
is a common form to express the secondary nucleation rate of the stable form. In terms of 
moments the PBEs of a polymorphic system can be expressed as: 
𝑑𝑑𝜇𝜇0𝑠𝑠
𝑑𝑑𝑑𝑑
= 𝐵𝐵𝑠𝑠                (2.44) 
𝑑𝑑𝜇𝜇𝑖𝑖,𝑠𝑠
𝑑𝑑𝑑𝑑
= 𝑖𝑖𝐺𝐺𝑠𝑠𝜇𝜇𝑖𝑖−1,𝑠𝑠 𝑤𝑤𝑖𝑖𝑡𝑡ℎ 𝑖𝑖 = 1,2 …𝑙𝑙             (2.45) 
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𝑑𝑑𝜇𝜇0,𝑚𝑚
𝑑𝑑𝑑𝑑
= 0                (2.46) 
𝑑𝑑𝜇𝜇𝑖𝑖,𝑚𝑚
𝑑𝑑𝑑𝑑
= −𝑖𝑖𝐷𝐷𝑑𝑑𝜇𝜇𝑖𝑖−1,𝑑𝑑 𝑤𝑤𝑖𝑖𝑡𝑡ℎ 𝑖𝑖 = 1,2 …𝑙𝑙            (2.47) 
A mass balance equation has to be included to solve the system: 
𝑑𝑑𝐶𝐶𝑙𝑙𝑖𝑖𝑒𝑒
𝑑𝑑𝑑𝑑
= 3𝑘𝑘𝑣𝑣𝜌𝜌𝐾𝐾(−𝐺𝐺𝑠𝑠𝜇𝜇2,𝑠𝑠 + 𝐷𝐷𝑑𝑑𝜇𝜇2,𝑑𝑑)             (2.48) 
where 𝐶𝐶𝑙𝑙𝑖𝑖𝑒𝑒 is the solute concentration, 𝜌𝜌𝐾𝐾 is the crystal density and 𝑘𝑘𝑣𝑣 is the shape factor of 
the crystals. 
Experiments are necessary to measure and calculate the principal parameters related to 
crystallization mechanisms (Flood and Wantha 2012). Parameter estimation and modelling 
of polymorphic transformation have rarely been performed because of the complexity of 
the phenomenon. A first example of population balance applied to a polymorphic 
transformation was the study of the conversion of citric acid from anhydrate to its 
monohydrate form (Fevotte et al. 2007). Raman and image analysis were used to derive 
solute concentration, crystal size distribution and polymorphic ratio while the finite 
elements method was used to solve the PBEs (using the software FEMLAB). Many 
different algorithms were used to solve the PBEs for the polymorphic transformation of 
glutamic acid: moving pivot technique (Cornel et al. 2009), finite volume method in 
gPROMS (Ono et al. 2004), and the method of moments (Hermanto et al. 2007; 
Sheikholeslamzadeh and Rohani 2013; Kobari et al. 2014; Qamar et al. 2010). The method 
of moments was also used for the modelling of the solution-mediated transformation of 
DL-methionine polymorphs (Wantha and Flood 2013). Models can include or not primary 
nucleation of both the stable and the metastable form (unseeded or seeded hypothesis) but 
all of them include secondary nucleation of the stable form. Only one theoretical study also 
considered the presence of secondary nucleation for the metastable form and analysed its 
effect on the transformation time and the concentration profile (Kobari et al. 2014). After 
the estimation of the kinetic parameters, a good way to check the reliability of the model is 
determining the 95% interval of confidence, which is the range of values in which the 
estimated parameters are likely to be (with a 95% probability). Given the estimated 
parameter, the 95% confidence interval is given by: 
𝐶𝐶𝐶𝐶 = 𝑃𝑃 ± 1.96 𝑠𝑠
√𝑙𝑙
               (2.49) 
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where 𝑃𝑃 is the parameter, 𝑠𝑠 is the standard deviation of the samples and 𝑙𝑙  is the total 
number of samples. 
 
2.8 Optimization of batch crystallization (constrained optimization 
problems) 
Crystallization is among the unit operations which are less easy to control. The main 
reason to estimate the kinetics parameters for growth, dissolution and nucleation is to be 
able to better understand this process and to improve it through simulations, optimization 
and model-based control. Crystallization optimization has been the subject of numerous 
studies because of the complexity of the mathematics behind it (Lang et al. 1999; Choong 
and Smith 2004; Abbas and Romagnoli 2007; Worlitschek and Mazzotti 2004). 
Optimizing a batch crystallization process can require the minimization of a system of 
non-linear ordinary equations (when the PBEs equations are expressed as a function of 
moments) that can have several local solutions and, therefore, might not easily converge to 
the global minimum. Different techniques were formulated in order to improve the 
convergence of the optimization and reduce the dependence of the solution on the initial 
guess (Choong and Smith 2004; Nowee et al. 2007).  
Two parameters are normally optimized for a cooling crystallization: the seeding 
conditions (seed load and CSD) and the temperature profile. The time of batch is usually 
fixed as well as the initial conditions (temperature and concentration for the seeding 
optimization, seeds CSD for the temperature optimization). If the temperature profile has 
to be optimized, the problem to solve can be formulated in this way: min𝑘𝑘(𝑘𝑘)�−𝐿𝐿�𝐼𝐼,𝑒𝑒𝑙𝑙𝑑𝑑�              (2.50) 
Subject to the following conditions: 
𝑓𝑓𝑑𝑑𝑖𝑖𝑙𝑙 ≤
𝑑𝑑𝑘𝑘
𝑑𝑑𝑑𝑑
≤ 𝑓𝑓𝑑𝑑𝑎𝑎𝑥𝑥               (2.51) 
𝑇𝑇𝑑𝑑𝑖𝑖𝑙𝑙 ≤ 𝑇𝑇 ≤ 𝑇𝑇𝑑𝑑𝑎𝑎𝑥𝑥               (2.52) 
𝐶𝐶𝑒𝑒𝑙𝑙𝑑𝑑 ≤ 𝐶𝐶𝑑𝑑𝑎𝑎𝑥𝑥,𝑒𝑒𝑙𝑙𝑑𝑑               (2.53) 
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𝑇𝑇 is the vector of unknown variables (crystallizer temperatures at different times) formed 
by 𝑘𝑘 elements and the higher is 𝑘𝑘 the more difficult is the convergence of the optimization. 
−𝐿𝐿�𝐼𝐼,𝑒𝑒𝑙𝑙𝑑𝑑  is the parameter that has to be minimized (called objective function) and it is 
usually related to the final size of the particles. In normal applications it is desired to have 
large particles at the end of the batch that can be more easily filtrated; so the objective 
function can be expressed as: 
𝐿𝐿�𝐼𝐼,𝑒𝑒𝑙𝑙𝑑𝑑 = 𝜇𝜇1,𝑒𝑒𝑒𝑒𝑑𝑑𝜇𝜇0,𝑒𝑒𝑒𝑒𝑑𝑑               (2.54) 
where 𝜇𝜇1,𝑒𝑒𝑙𝑙𝑑𝑑 is the value of the first moment at the end of the batch and 𝜇𝜇0,𝑒𝑒𝑙𝑙𝑑𝑑 the value of 
the zeroth moment. Their ratio is called the number mean diameter and it is related to the 
average size of the crystal produced. (Sanzida 2013; Sanzida and Nagy 2013) 
Most of the optimization problems for batch crystallization in the literature do not include 
dissolution of the crystallized form and the optimal profile calculated is usually an only 
cooling profile that tends to keep the concentration close to the metastable zone limit to 
avoid nucleation, but high enough to allow growth of the crystals. Furthermore, dissolution 
can’t be easily handled with the method of moments and it often requires the application of 
other techniques to represent the PBEs. More recently, some optimizations studies 
included dissolution in the PBEs and obtained more complex temperature profiles that 
included heating cycles in order to dissolve undesired fine particles present in the solution 
(Majumder and Nagy 2013a; Qamar et al. 2010; Yeom et al. 2013; Sanzida and Nagy 
2013). These optimal profiles are in accordance with the experimental results for the 
application of crystallization strategies that use dissolution cycles such as temperature 
cycling (Abu Bakar et al. 2010; Abu Bakar 2010; Abu Bakar et al. 2009) and direct 
nucleation control (Saleemi et al. 2012a; Saleemi et al. 2012b; Saleemi et al. 2012; Abu 
Bakar et al. 2008). 
 
2.9 Process analytical technology (PAT) 
The term process analytical technology (PAT) became widely popular in 2004 when the 
Food and Drug Administration published the “Guidance for industry”. A process analytical 
technology is there describe as a tool that “enable process understanding for scientific, 
risk-managed pharmaceutical development, manufacture, and quality assurance” (U.S. 
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Department of Health and Human Services 2004). These tools can provide effective and 
efficient means for acquiring information to facilitate process understanding, continuous 
improvement, and development of risk-mitigation strategies.  
Four categories of PAT tools exist:  
- Multivariate tools for design, data acquisition and analysis,  
- Process analysers, 
- Process control tools,  
- Continuous improvement and knowledge management tools.  
The first category include the use of multivariate mathematical approaches (statistical 
design of experiments, response surface methodologies, process simulation, and pattern 
recognition tools) to understand multi-factorial relationships between process, formulation 
and quality. Statistical evaluation of model predictions can assess mathematical 
expressions and models that describe the studied relationship (U.S. Department of Health 
and Human Services 2004). Process analysers and instrumentation include on- and in-line 
equipment. Those allow obtaining instant measurements avoiding the time delay typical of 
off-line analysis. The measured properties can be univariate (scalar) quantities or 
multivariate (vector and matrix). In the last decades advanced spectroscopic 
instrumentation progressed tremendously: UV-Visible, near- and mid-infrared and Raman 
spectroscopy are studied and began to be implemented in manufacturing (Chew and 
Sharrat 2010). The formulation of a specific control strategy must take into account the 
attributes of input materials, the characteristics of process analysers and the achievement 
of process end points in order to ensure the desired quality of the out materials and final 
product. The typical steps to follow to identify a good control strategy with the aid of PAT 
are: 
- Identify a particular variable or variables in the process related to product quality, 
- Design a process measurement system to monitor it or them, 
- Design process controls that provide adjustments to the system in order to control 
the critical variables. 
The implementation of PAT tools is a key element in the “Quality by Design” (QbD) 
approach that allows obtaining the desired quality of the product by the correct design of 
the manufacturing process. With the QbD implementation it is possible to control the 
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quality of the product by controlling the process itself avoiding any product waste due to 
mistakes in the manufacturing process (Rathore and Winkle 2009; Rathore et al. 2010).  
Table 2.1: Summary of recent studies conducted using PAT tools for polymorph screening and transformation 
monitoring 
Techniques Process studied  Reference 
Mid-IR Discrimination between polymorphic forms of 
solids 
Van Eerdenbrugh and Taylor 2011; 
Wartewig, and Neubert 2005 
ATR-UV/Vis Solvent-mediated polymorphic transformation 
monitoring in batch crystallization (changes in 
solute concentration) 
Abu Bakar et al. 2009; Howard et al. 
2009b; Abu Bakar et al. 2011; Howard et 
al. 2009a 
NIR Determination the polymorphic ratio of solid 
mixtures 
Gimet and Luong 1987; Aaltonen et al. 
2003; Patel et al. 2000 
NIR  Solvent-mediated polymorphic transformation 
monitoring 
Aaltonen et al. 2003; Wang et al. 2011 
Raman Determination the polymorphic ratio of solid 
mixtures 
Tudor et al. 1993; Deeley et al. 1991; 
Strachan et al. 2007; Langkilde et al. 
1997; Campbell Roberts et al. 2002 
FT-Raman, 
FTIR 
Comparison between the two techniques in 
determining the polymorphic ration of solid 
mixtures 
Al-Zoubi et al. 2002; Hennigan and 
Ryder 2013 
Raman Cocrystallization of carbamazepine and 
nicotinamide monitoring  
Rodriguez-Hornedo et al. 2006 
Raman Solvent-mediated polymorphic transformation 
monitoring  
Herman et al. 2012; Barrett et al. 2011 
Raman, 
FBRM, PVM 
Study on the impact of operating parameters 
on polymorphic transformation of D-mannitol 
Su et al. 2010 
Raman Measurement of the total solid concentration 
in a polymorphic system 
Caillet et al. 2006; Caillet et al. 2007; 
Caillet et al. 2007; Caillet et al. 2008 
Raman Measurement of solute concentration in a 
polymorphic system 
Cornel et al. 2008; Qu et al. 2008 
FBRM Solvent-mediated polymorphic transformation 
monitoring 
Barthe et al. 2008; Zhao et al. 2013; 
Sathe et al. 2010; Liu et al. 2011;Simon 
et al. 2009; Simon, et al. 2011 
Raman, NIR 
,UV-Vis 
Solvent-mediated polymorphic transformation 
monitoring 
Helmdach et al. 2013; Helmdach et al. 
2013; Kadam et al. 2012 
Raman, 
FBRM, FTIR 
Solvent-mediated polymorphic transformation 
monitoring 
Yang et al. 2013 
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For the crystallization process, PATs have been widely used recently, in particular focused 
beam reflectance measurement (FBRM) (Yang and Nagy 2014), particle vision and 
measurement (PVM), attenuated total reflectance (ATR)-UV/Vis, ATR-FTIR and Raman 
spectroscopy. Near-infrared (NIR) and mid-infrared (mid-IR) have been used both with 
ATR probes for solute concentration measurement (Freitas et al. 2005; Kadam et al. 2010) 
and without ATR for the analysis of solid powders and tablets (Berntsson et al. 2000). 
PAT tools were used for monitoring both batch and continuous crystallization (Powell et al. 
2015).  
For polymorphic transformations normally NIR and Raman are the preferred tools. Mid-IR 
was also used with some systems but the differences between polymorphs are less visible 
with this technique (Van Eerdenbrugh and Taylor 2011; Wartewig and Neubert 2005). 
ATR-UV/Vis could also be a good tool for understanding polymorphic transformation as it 
can measure the changes in solute concentration and therefore detect the formation of a 
polymorphic form with a different solubility (Howard et al. 2009b; Abu Bakar et al. 2011). 
In Table 2.1 a brief summary of the most common PAT tools used in polymorph screening 
and transformation monitoring in recent years is shown.  
A more detailed description of the PAT tools used in this thesis work is presented in the 
following sections, together with a brief literature review on how these techniques have 
been used for crystallization. 
2.9.1 Focused beam reflectance measurement (FBRM) 
FBRM is an in situ sensor used for real-time analysis in the pharmaceutical industry. It can 
give a particle size characterization using the principle of laser backscattering. The 
variable measured is the chord length, which is related to the particle size and shape. 
FBRM uses a high velocity scanning infrared laser beam that emanates trough the probe 
window inserted in the crystallizer (Braatz et al. 2012); the laser beam hits a particle and 
then it is reflected back to the probe. The chord length is calculated multiplying the length 
of time for which a continuous signal is reflected back to the probe by the velocity of the 
laser beam. The chord length distribution (CLD) is different from the crystal size 
distribution (CSD) but they are related. However, the calculation of CSD from FBRM 
measurement is not always straightforward. A schematic of an FBRM probe is shown in 
Figure 2.9. Many authors have used FBRM to infer information on the CSD or to detect 
primary or secondary nucleation and dissolution of crystals through changes in the particle 
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counts (Braatz et al. 2012). FBRM is not usually the preferred technique to monitor 
polymorphic transitions but an interesting study was performed by Barthe et al.: the system 
analysed was paracetamol in ethanol and the CLD evolution was monitored during 
polymorphic change. The paper shows how FBRM can track a polymorphic transition 
without the help of other tools (Barthe et al. 2008). A similar approach was also used by 
other researchers (Liu et al.2009; Zhao et al. 2013; Sathe et al. 2010; Liu et al. 2013). It 
must be notice that FBRM can be used if there is a significant difference in shape between 
the polymorphic forms otherwise it is not easy to distinguish polymorphs just looking at 
the CLD. A useful study on the interpretation of FBRM data for needle-shaped particle 
was performed by Leyssens et al. (2011): opportune statistics were chosen and used to 
describe the nucleation and growth of a hydrated sulphate salt of CDP323-2, a drug used in 
the treatment of multiple sclerosis. 
 
Figure 2.9: Schematic of the mode of operation of an FBRM probe.  
 
FBRM was also compared to other techniques that can give information closer to the 
actual CSD such as laser diffraction, dynamic image analysis or PVM (Hamilton et al. 
2012; Boxall et al. 2010).  
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2.9.2 Particle Vision Measurement (PVM) 
This tool provides real-time information of the crystals shape, size and whether the crystals 
are aggregating or breaking during crystallization. It is a simple in-process video 
microscopy probe that can be inserted in the reactor to have images of the crystallization 
process. Quantitative information can be extracted by PVM images (equivalent diameter, 
aspect ratio, total count) even if the quality is not as good as off-line microscopic images 
(Braatz et al. 2012). Image analysis is a potentially great tool for kinetic parameters 
determination since it takes into account both crystal shape and size. However, extracting 
quantitative information from images can be very challenging and many studies are 
focused on the optimization of this technique (Wang et al. 2005; Ma, Wang 2012a; Ma, 
Wang 2012b). Image analysis and PVM can be used also to monitor polymorphic 
transformations (De Anda et al. 2005) if there is a considerable difference in shape 
between the two polymorphs (as for FBRM). In general, the use of FBRM or PVM should 
be always matched with Raman or NIR spectroscopy in order to avoid confusing two 
different polymorphs and two crystals with different morphology but same crystalline 
structure. 
2.9.3 Attenuated total reflection – UV/Vis 
ATR-UV/Vis is a spectroscopic technique that uses UV/Vis wavelength (200-900 nm). 
The measured variable is absorbance, which is related to the concentration of a certain 
species trough the Lambert-Beer law: 
𝐴𝐴 = 𝜀𝜀𝜀𝜀𝑐𝑐,                (2.55) 
where 𝜀𝜀 is the molar absorption coefficient, 𝜀𝜀 is the path length of the absorbing solution, 
and 𝑐𝑐  is the concentration of the absorbing species. The presence of the ATR crystal 
allows measuring only the sample that is in close contact to the probe since the laser beam 
has a penetration depth of only a few microns. In the case of a crystallization process only 
the liquid phase is analysed. This tool has been widely used to measure the concentration 
of the dissolved solute during crystallization. A schematic representation of an ATR is 
shown in Figure 2.10. 
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Figure 2.10: schematic of an ATR probe. 
 
2.9.4 Raman spectroscopy 
Raman spectroscopy is a form of vibrational spectroscopy, very much like infrared. The 
difference in the two techniques is the fact that IR bands arise from a change in the dipole 
moment of the molecule while Raman bands arise from a change in its polarizability. This 
spectroscopic technique is, precisely, based on inelastic scattering of monochromatic light, 
usually from a laser source. This phenomenon is known as Raman radiation and was first 
observed by Raman and Krishnan in 1928 (Vankeirsbilck et al. 2002). Photons of the laser 
beam are absorbed by the sample and then reemitted with a different frequency (that is 
why this type of scattering is called inelastic). The shifting of the frequency is the so called 
Raman Effect which provides information about vibrational, rotational and other low 
frequency transitions in molecules. When a substance is irradiated with monochromatic 
light, most of the scattered energy comprises radiation of the incident frequency (Raylight 
scattering) while only a very small quantity of photons (about 0.0001%) are scattered at a 
smaller frequency (Stokes Raman scattering). In the case a photon hits a molecule which 
has already been excited the scattered signal will have a larger frequency (anti- Stokes 
Raman scattering) (Verpoort at al. 2002). The possible energy transitions for vibrational 
spectroscopy are shown in Figure 2.11. Raman spectroscopy can be used to study solid, 
liquid and gaseous samples. This technique is a potential tool to monitor and control 
crystallization processes since it enables in situ, non-destructive and fast quantitative 
measurements of solid samples without specific sample preparation. In particular, it can be 
used to distinguish between different polymorphic forms of both inorganic and organic 
compounds (Févotte 2007). It was defined, in recent years, as “one of the fastest, most 
reliable and most suitable techniques to identify crystals forms in drug products and can be 
easily exploited routinely for monitoring phase change in drug products and quality control 
To Detector Laser beam 
Depth of penetration 
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assays” (Auer et al. 2003). Most organic molecules present clear and resolved peaks in 
Raman spectra, offering the possibility to do both quantitative and qualitative analysis 
without any specific sample preparation. Some disadvantages of Raman spectroscopy are 
the fluorescence and photobleaching phenomena that can disturb the measurements. 
Furthermore, the high temperature induced by the laser beam can destroy part of the 
analysed sample and the spectra of organic solvent can completely cover the sample’s 
signal (Fevotte et al. 2007). Raman spectroscopy can be directly and quickly used in the 
qualitative identification of polymorphs in dry powders and slurries but quantitative 
studies have also been carried out as shown in Table 2.2. 
 
 
 
 
 
 
 
 
 
The potentiality of Raman spectroscopy to quantitatively determine polymorphic forms’ 
concentration in slurries or dry solid mixtures depends on the possibility of building a 
good calibration function using a correct experimental approach. Determining a calibration 
function to predict polymorphic ratio in solid mixtures is relatively simpler than working 
with slurries or solutions. In general, univariate models seem to be sufficient to analyse 
solid mixtures whose biggest problem is usually mixing. Obtaining a homogeneous 
mixture of two or three different powders can be very difficult, so solid vortex mixer 
devices are often used (Hennigan and Ryder 2013). Dispersing the solid mixtures in water, 
which has a very weak Raman signal, can also be a solution especially for compounds that 
are insoluble in water.  
Figure  2.11: Schematic representation of energy transition in Raman and IR spectroscopy. Absorption of IR 
radiation and Stokes and Anti- Stokes Raman scattering. The mechanism of elastic scattering (Rayleigh) is also 
shown. 
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Table 2.2: Several applications of Raman spectroscopy for qualitative and quantitative polymorph identification 
of pharmaceutical compounds 
Application of Raman spectroscopy Reference 
Monitoring the cocrystallization of carbamazepine 
and nicotinamide 
Rodriguez-Hornedo et al. 2006 
Measuring the transition temperature for an 
enantiotropic system 
Herman et al. 2011 
Monitoring the presence of different forms of 
piracetam in ethanol as a function of operating 
conditions during batch cooling crystallization 
Barrett et al. 2011 
Quantitative determination of polymorphic ratio in 
solid mixtures 
Deeley et al. 1991; Tudor et al. 1993; Strachan et al. 
2007; Langkilde et al. 1997; Campbell Roberts et al. 
2002 
FT-Raman and FTIR spectroscopy were compared 
in the quantification of orthorhombic and 
monoclinic forms of paracetamol in solid samples 
Al-Zoubi et al. 2002 
Comparison between backscattered and 
transmission Raman spectroscopy in calibrating 
tablets made by two polymorphic forms of 
piracetam 
Hennigan and Ryder 2013 
Determination of the polymorphic composition of 
dry solid samples (univariate and multivariate 
calibration functions) 
Wang et al. 2000; Német et al. 2009; Kachrimanis et 
al. 2007; Ono et al. 2004; Alatalo et al. 2010; Alatalo 
et al. 2008; Qu et al. 2009; Braun et al. 2010; Qu et al. 
2008; O’Brien et al. 2004; Salameh, Taylor 2006; 
Agarwal, Berglund 2003; Strachan et al. 2004 
Identifying impurities in solid samples Hargreaves et al. 2011; Li et al. 2011; Pratiwi et al. 
2002 
Determination of the polymorphic composition of 
slurries in water at constant temperature 
(multivariate calibration functions) 
Hu et al. 2005; Wikstrom et al. 2005; Caillet et al. 
2007; Caillet et al. 2008; Caillet et al. 2006; Tian et al. 
2006; De Beer et al. 2006; Cornel et al. 2008; Falcon, 
Berglund 2004 
Determination of the polymorphic composition of 
slurries in organic solvents at constant temperature 
(multivariate calibration functions) 
O'Sullivan et al. 2003; Zhao et al. 2012; Su et al. 
2010; Starbuck, C. et al. 2002 Falcon, Berglund 2004; 
De Spiegeleer et al. 2005; Kobayashi et al. 2006 
Study on the crystallization of Carvedilol at 
different temperatures and mixtures of solvents  
Pataki et al. 2012a; Pataki et al. 2012b 
Quantitative determination of both total solid 
concentration and solid composition 
Caillet et al. 2006; Chen et al. 2008 
Quantitative determination of liquid concentration  Qu et al. 2008; Hu et al. 2005; Cornel et al. 2008 
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Many factors can affect Raman spectroscopy other than the polymorphic composition and 
they have to be taken into account when developing a calibration function: temperature, 
solid density of the slurry, crystal size and shape and solute concentration (in the case of 
suspensions or slurries) are the most important. The effect of temperature on calibration 
was only briefly studied (Fevotte et al. 2007; Wong et al. 2007) and most of the 
experiments were actually performed in isothermal conditions or neglecting the effect of 
temperature on the calibration curve. The effect of crystal size, solution density and sample 
position on Raman spectra are very similar and it is often a change in intensity that can 
partly be compensated using pre-processing (Vankeirsbilck et al. 2002). A different 
approach to calibration, considering particle size effect on spectra was conducted by both 
Hu et al. (2006) and Chen et al. (2012). It is interesting to notice that Hu et al. found that 
increasing particle size generates a decrease in the Raman intensity while Chen et al. 
observed exactly the opposite trend. An attempt to introduce other parameters in a Raman 
calibration model was done by Wong et al. (Wong et al. 2007; Wong et al. 2008). They 
simply included temperature and slurry density in a PLS model which was then validated 
with a cooling crystallization experiment. The results for validation were greatly improved 
by the introduction of these two parameters. However, a good calibration procedure, using 
design of experiment, could lead to good results even without explicitly introducing 
additional variables in the calibration function because their effect is already included in 
the spectra of the calibration set (Chen et al. 2011; Wulfert et al. 2000; Wulfert et al. 1998). 
A more complete analysis of the parameters affecting Raman spectra was performed by 
Cornel et al. (2008) for the study of the polymorphic transformation of L-glutamic acid. 
Cornel et al. studied the effect of temperature, crystal size, solute concentration and solid 
concentration and then planned a set of calibration experiment that leaded to a final error 
in polymorphic ratio estimation of about 3%. A similar approach will be used in this thesis 
but with the help of design of experiment in order to reduce the number of calibration 
experiments needed. 
2.9.5 Near-infrared (NIR) spectroscopy 
Near infrared spectroscopy is a vibrational spectroscopy technique. The sample is 
irradiated with NIR light (4000-12000 cm-1) which is partially absorbed by the molecules 
bringing them to a higher vibrational state. Only vibrations resulting in changes in the 
dipole moment of a molecule can absorb NIR radiation. R-H groups have very high dipole 
moment so they have the strongest overtone. Also O-H, N-H, C-H, S-H bonds strongly 
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absorb in NIR. There are two types of vibration for these groups: stretching and bending. 
The low molar absorptivity of absorption bands in the NIR regions allows using the 
reflection mode, in which the light reflected by the sample is measured so no specific 
preparation is required (De Beer et al. 2011).  
 
 
 
Different types of NIR immersion probes can be used for solid analysis: 
• Reflection probe (Figure 2.12a): it is formed by several light fibres that both 
irradiate the sample and collect the reflected light (diffuse reflection). This type of 
probe is not suitable for liquid analysis. 
• Transflection probe (Figure 2.12b): it is formed by two fibres, one to irradiate the 
sample and one to collect both the diffuse reflected signal and the signal reflected 
in a mirror placed opposite the source (transmission mode). The possibility to work 
both in transmission and reflectance makes this type of probe suitable for more 
applications than the reflectance probe. Unfortunately the optical gap is strongly 
affected to fouling in the presence of solids.  
(a) (b) 
Figure 2.12: (a) NIR reflectance probe (b) NIR transflectance probe. 
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A third type of NIR immersion probe exists, the transmission type which is suitable mainly 
for analysis of liquid samples and was not used in the experiments performed for this 
thesis. 
2.9.6 Mid-infrared (mid-IR) spectroscopy 
Mid-IR is very similar to NIR spectroscopy. The light region is at a lower wavelength 
(400-4000 cm-1) but it is still a vibrational technique that excites dipoles. Compared to NIR 
it is characterized by a higher degree of excitation that generates sharper absorption peaks 
at higher intensity. Because of the strongest absorption in mid-IR, working in reflectance 
mode is more difficult because the reflected signal is less intense. A disadvantage of both 
NIR and mid-IR is the strong absorption of water. The peak of water is usually very 
intense and broad and can cover useful information of the solid studied (Wartewig and 
Neubert 2005). Helmdach et al. recently demonstrated how ATR-midIR can be used to 
speed up and optimize the scale up of crystallization processes using paracetamol as model 
compound (Helmdach et al. 2013). 
 
2.10 Application of PAT tools for the crystallization of biopharmaceutical 
compounds 
The term biopharmaceutical refers to pharmaceuticals that are manufactured using living 
organisms, and therefore, are inherently biological. Proteins, antibodies, vaccines, blood 
and plasma products, cultured cellular and tissue products are all biopharmaceutical 
compounds (Rader 2007). The birth of biopharmaceutical industry dates back to the early 
70s when the first DNA technology experiment was performed. A decade later, in 1982, 
recombinant human insulin was approved and then introduced to the market (European 
commission Enterprise and Industry 2009) and in 2011 three of the top ten blockbuster 
drugs were produced biologically (Humira, Enbrel and Remicade, all used for the 
treatment of rheumatoid arthritis). The US biopharmaceutical industry is estimated to 
support more than 810,000 direct jobs (and nearly 3.4 million total jobs) and to generate 
nearly $789 billion of economic output (The Pharmaceutical Research and Munufacturers 
of America (PhRMA), Bettelle 2014). The biopharmaceutical industry is among the most 
innovative industries if measured by R&D investment, IP generation, venture capital and 
share of total R&D employment in manufacturing industries; in 2011 the total expenditure 
for R&D across all biopharmaceutical industries in the US was of $41.1 billion (against the 
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$7.6 billion invested in aerospace industry, $11.7 billion in automotive and $22.9 billion in 
the semiconductor and electronic component industry). The number of patent applications 
in the same year was 6,777 with 4,405 of them awarded (The Pharmaceutical Research and 
Munufacturers of America (PhRMA), Bettelle 2014). Clearly, this is an industry where 
incremental process improvements can have high economic and societal impact. 
The QbD approach has been successfully implemented in the pharmaceutical industries 
and in recent years it has also been considered for the biopharmaceutical industry (Read et 
al. 2010; Glassey et al. 2011). Biotech products and biopharmaceuticals are a result of 
biological processes that are more difficult to control than standard chemical operations, 
since more variables are involved and their interactions have to be taken into account. 
Nevertheless, PAT tools such as NIR and Raman spectroscopy, HPLC and image analysis 
were recently used to control biological processes (Ündey et al. 2010; Bhambure et al. 
2011; Smith 2014). 
Crystallization is not a common process for the production of biopharmaceuticals since, 
normally, higher purity can be reach with other techniques such as chromatography or 
membrane filtration. However, many studies are currently being conducted in order to test 
this simple and cost-effective process for the purification of biopharmaceutical, proteins in 
particular (Gavira et al. 2014; McPherson and Gavira 2014).  
 
2.11 Further solid and liquid state analysis 
2.11.1 Differential scanning calorimetry (DSC) 
Differential Scanning Calorimetry (DSC) is a thermal technique that allows to measure 
changes in the heat flows associated with transitions in materials as a function of time and 
temperature. The measurements are taken in a controlled atmosphere (usually nitrogen) 
and the samples are heated up at a constant rate. These measurements provide quantitative 
and qualitative information about physical and chemical changes that involve endothermic 
or exothermic processes, or changes in heat capacity. 
DSC can be used to study: 
- Glass Transitions, 
- Melting and Boiling Points, 
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- Crystallization time and temperature, 
- Percentage of Crystallinity, 
- Heats of Fusion and Reactions, 
- Specific Heat, 
- Oxidative/Thermal Stability, 
- Rate and Degree of Cure, 
- Reaction Kinetics, 
- Purity. 
Transformations can be endothermic (like melting or polymorphic transformations) or 
exothermic (chemical reactions). In a DSC diagram the type of transformation can be 
recognized by the sign of the heat flow absorbed by the sample. In this thesis it was 
arbitrarily decided to indicate as positive the endothermic transitions, and the exothermic 
as negative (see Figure 2.13). 
 
Figure 2.13: DSC diagram example for a polymorphic transition and melting of a sample. In this thesis work the 
DSC diagrams will be represented with positive endothermic peaks and negative exothermic peaks. 
 
2.11.2 X-Ray diffraction 
X-Ray diffraction (XRD) is a rapid and reliable technique widely used for many 
applications such as:  
• Characterization of crystalline materials (discrimination between polymorphs for 
example); 
• Determination of unit cell dimensions; 
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• Measurement of sample purity; 
• Characterization of thin films samples; 
• Textural measurements (such as the orientation of grains) in a polycrystalline sample. 
An X-ray diffractometer consist in an X-ray cathode tube, a sample holder, and a detector. 
X-rays are generated by the cathode ray tube, filtered to produce monochromatic radiation, 
collimated to be concentrated, and then directed towards the sample. X-ray diffraction is 
based on constructive interference of monochromatic light and the crystalline sample. If 
the sample generates the conditions to satisfy Bragg's Law, the interaction of the incident 
rays with the sample will produce a constructive interference and, therefore, a diffracted 
ray (as shown in Figure 2.14). Bragg’s law relates the wavelength of electromagnetic 
radiation 𝜀𝜀 to the diffraction angle 𝜃𝜃 and the lattice spacing 𝑑𝑑 in a crystalline sample (see 
Figure 2.14):  
𝜀𝜀 = 2𝑑𝑑 𝑠𝑠𝑖𝑖𝑙𝑙 𝜃𝜃                (2.56) 
The diffracted X-rays are detected by the detector and then processed and counted. 
Because of the random orientation of the powdered material, it is possible to obtain all 
possible diffraction direction of the crystal lattice by scanning the sample through a range 
of 2θ angles.  
 
Figure 2.14: X-Ray diffracted by a crystalline lattice following Bragg’s law. 
 
2.11.3 Laser diffraction (Malvern Mastersizer) 
Laser diffraction is one of the best available techniques to measure particle size of solids, 
droplets or bubbles (Mullin 2001). It is based on light scattering: the particles passed 
through a laser beam and scatter light at an angle related to their size. Bigger particles will 
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scatter light at narrow angle and high intensity while small particles will generate low 
intensity scattering at wider angles. The combination of two theories, Fraunhofer and Mie, 
is used to determine the particle size of the sample, measured from the diffraction pattern 
generated by its particles. The two theories assume that the particles are spherical and the 
suspension is dilute. Laser diffraction is the working principle of the Malvern Mastersizer 
which enables to measure particles in the size range of 0.1 to 10000 μm. The disadvantage 
of the Mastersizer is that it is an offline technique that needs sampling.  
2.11.4 High performance liquid chromatography 
High performance liquid chromatography (HPLC) is a common technique to analyse liquid 
samples. It allows separation and both qualitative and quantitative analysis of the 
components present in the liquid sample. A simple schematic of an HPLC system is shown 
in Figure 2.15. A solvent is pumped at high pressure inside a column filled with a solid 
absorbent material (normally silica or polymers) and the sample is injected in the high 
pressure flow. The sample components will pass through the column at different speeds in 
relation to the size of their molecules and their level of affinity to the column packing 
material. A UV detector is placed at the end of the column for the quantification of each 
component. 
 
 
Figure 2.15: Schematic of an HPLC system. 
 
A selected UV wavelength is directed and absorbed by each component going out of the 
column. The non-absorbed light is then processed in order to quantify the amount of each 
component of the sample analysed using the Beer and Lambert law. The relative retention 
times are used to qualitatively identify each component of the sample.  
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2.12 Chemometrics techniques 
Chemometrics is defined as the science of extracting information from series of data. The 
principal aim of chemometrics is to find a relation between two or more variables. When 
data is collected as a function of only one variable is called univariate while it is defined 
multivariate if collected for several variables. With the recent development of PAT tools 
and the simultaneous use or more than one analysing technique, chemometrics has become 
very important for the interpretation of complex data and the extrapolation of useful 
information. Typical multivariate techniques for data analysis are PCA (principal 
component analysis) and PLSR (partial least squares regression) (Cox 2005).  
2.12.1 Principal components analysis 
Principal components analysis (PCA) is a dimension reduction technique for quantitative 
data. Given a set of data in more variables, with PCA it is possible to reduce the 
dimensions of the problem down to two or three keeping, at the same time, as much 
information as the inherent variability within the data (Cox 2005; Pratiwi et al. 2004). PCA 
models all the variations in the data set using orthogonal basis vectors which are called 
principal components (Gemperline 2006). One of the main goals of this analysis is to 
eliminate the principal components associated to noise and, therefore, minimize the effects 
of measurement error. If 𝐴𝐴 is the 𝑙𝑙 ×  𝑚𝑚 matrix of input data (𝑙𝑙 rows of spectra recorded 
at 𝑚𝑚 wavelengths for example) a PCA can decompose it in the following linear system: 
𝐴𝐴 = 𝐶𝐶𝑃𝑃𝑘𝑘 + 𝜀𝜀,                (2.57) 
where 𝐶𝐶  is the 𝑙𝑙 ×  𝑘𝑘  matrix of  𝑘𝑘  principal components’ scores and 𝑃𝑃  is the 𝑚𝑚 ×  𝑘𝑘 
matrix of the eigenvectors of 𝐴𝐴. The eigenvectors are called “loadings” in the PCA. 𝜀𝜀 is a 
matrix containing the unexplained variance. For each independent source of variation in 
the data, a principal component is expected in the model. The first principal component is 
the one with the largest eigenvalue, or, the one that explains the maximum amount of 
variance in the original data. The second component is associated with the second largest 
eigenvalue and it explains the maximum amount of variance left in the original data after 
eliminating the one associated to the first component. The third component corresponds to 
the third largest eigenvalue and so on. Usually the most important variations in a process 
are explained in the first few principal components while the rest is just noise.  
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Loadings and scores for PCA can be used to interpret the data matrix. The scores are 
usually represented in two-dimensional scatter plots. Often, a very high percentage of 
variability is gathered in the first few principal components so only a few of these plots are 
necessary. The scores plots are used to detect similarities, differences or other interesting 
relationships among samples. Loadings are also presented in two-dimensional scatter plots, 
but more often they are plotted against the original variables in order to interpret their 
relationship with the scores. In fact, they can tell which of the variables are most relevant 
for the different components in the data set and, therefore, what phenomenon is associated 
to the component itself. If the focus is to find clusters in the data set, loading plots can be 
useful to identify which variables characterise each different cluster (Næs et al. 2004). In 
order to interpret in an easier way the loadings, Varimax rotation can be performed on the 
matrix data loadings using Matlab (function rotatefactors). This operation maximizes the 
sum of the variances of the square loadings: in this way every component is associated to a 
smaller amount of variables and the determination of the most influent variables on each 
component is greatly simplified. Considering the matrix of loadings 𝐏𝐏 = �𝑒𝑒𝑗𝑗,𝑖𝑖�  (with 
dimensions 𝑚𝑚 × 𝑘𝑘), doing a varimax rotation means maximizing the varimax criterion 
among all orthogonal rotations of 𝐏𝐏. The varimax criterion is defined by the formula: 
𝑉𝑉(𝐏𝐏) = ∑ �1
𝑑𝑑
∑ 𝑒𝑒𝑗𝑗,𝑖𝑖4𝑗𝑗 − �1𝑑𝑑∑ 𝑒𝑒𝑗𝑗,𝑖𝑖2𝑗𝑗 �2�𝑖𝑖  .          (2.58) 
A simple computational method to obtain simultaneously loadings, scores and percentage 
of variance associated with each PC is the single value decomposition. The input data 
matrix A is decomposed in: 
𝐴𝐴 = 𝑈𝑈𝑆𝑆𝑉𝑉𝑘𝑘,                (2.59) 
where 𝑈𝑈 is the matrix of the principal component scores, 𝑉𝑉 is the matrix of the loadings 
and 𝑆𝑆 is a diagonal matrix whose elements are the square roots of the eigenvalues. If 
normalized to 1, matrix 𝑆𝑆 gives the percent of variance associated with each correspondent 
component. The SVD is a practical and numerically accurate method to calculate principal 
components of a data matrix. A function svd is also present in Matlab to perform single 
value decomposition of a matrix automatically.  
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2.12.2 Regression on Principal components 
Principal components can also be used as a multivariate calibration technique. A standard 
univariate linear calibration model is in the form (Gemperline 2006)): 
𝑦𝑦 = 𝑏𝑏1𝑥𝑥 + 𝑒𝑒,                (2.60) 
where 𝑥𝑥 is the set of known variables (for example the values of a certain wavelength in a 
set of spectra) and 𝑦𝑦 is the vector of the correspondent desired dependent value (usually 
the concentration of a specific compound associated with each spectrum). The vector 𝑒𝑒 
represents the error of each calibration experiment 𝑒𝑒 = 𝑦𝑦 − 𝑦𝑦𝐾𝐾𝑎𝑎𝑙𝑙𝐾𝐾𝑠𝑠𝑙𝑙𝑎𝑎𝑑𝑑𝑒𝑒𝑑𝑑 . The value 𝑏𝑏1  is 
calculated by the least-squares procedure (which minimize the sum of square errors 𝑒𝑒𝑘𝑘𝑒𝑒) 
using the formula: 
𝑏𝑏1 =  (𝑥𝑥𝑘𝑘𝑥𝑥)−1𝑥𝑥𝑘𝑘𝑦𝑦,               (2.61) 
The same concept can be used in a multivariate calibration. The difference between 
univariate and multivariate is the number of inputs in the model, which is higher than one 
for a multivariate technique. That means that 𝑥𝑥 is not a vector anymore but it is a 𝑙𝑙 ×  𝑚𝑚 
matrix 𝑋𝑋  where, for example, every raw represent a specific measurement and every 
column a specific wavelength. Also 𝑏𝑏1 is now a vector 𝑏𝑏 calculated as: 
𝑏𝑏 =  (𝑋𝑋𝑘𝑘𝑋𝑋)−1𝑋𝑋𝑘𝑘𝑦𝑦.               (2.62) 
The first step in carrying out a regression using principal components is calculating the 
scores and loading of the data set matrix 𝑋𝑋. Then, the scores are treated as any other 
variable would be in a multiple regression analysis and the calibration model is constructed 
as: 
𝑦𝑦 = 𝑎𝑎1𝑃𝑃𝐶𝐶𝑥𝑥1 + 𝑎𝑎2𝑃𝑃𝐶𝐶𝑥𝑥2 + ⋯𝑎𝑎𝑝𝑝𝑃𝑃𝐶𝐶𝑥𝑥𝑝𝑝 + 𝑐𝑐,            (2.63) 
where 𝑦𝑦 is the desired dependent value, 𝑎𝑎1 to 𝑎𝑎𝑝𝑝 are a set of regression coefficients fitted 
by least squares to the 𝑃𝑃𝐶𝐶  principal components in the model and 𝑐𝑐  is a constant 
(Livingstone 2009).  
The principal components are calculated by PCA in order or variance explained, but not 
necessary in the order in which they will appear in the equation (2.61). For example, 
considering a regression model with 4 components, the equation that fit the dependent 
variable best does not necessary include 𝑃𝑃𝐶𝐶1, 𝑃𝑃𝐶𝐶2, 𝑃𝑃𝐶𝐶3 and 𝑃𝑃𝐶𝐶4; but it can include 𝑃𝑃𝐶𝐶1, 
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𝑃𝑃𝐶𝐶2, 𝑃𝑃𝐶𝐶3 and 𝑃𝑃𝐶𝐶5 instead of 𝑃𝑃𝐶𝐶4. Although PCs are in order of variance explained some 
of them may not be useful in the description of the dependent variable such as 𝑃𝑃𝐶𝐶4 in the 
example given.  
2.12.3 Partial least squares regression 
The method of partial least square is also a regression technique that uses quantities 
derived from the set of original data like the principal components. The PCs in the 
regression models are called latent variables LV (or factors) and the equation is in the form: 
𝑦𝑦 =  𝑎𝑎1𝐿𝐿𝑉𝑉1 + 𝑎𝑎2𝐿𝐿𝑉𝑉2 + ⋯𝑎𝑎𝑝𝑝𝐿𝐿𝑉𝑉𝑝𝑝,             (2.64) 
where 𝑦𝑦 is the dependent variable and 𝑎𝑎1 to 𝑎𝑎𝑝𝑝 are a set of regression coefficients fitted by 
partial least squares procedure. Each latent variable is a linear combination of the 
independent data set: 
𝐿𝐿𝑉𝑉1 = 𝑏𝑏1,1𝑥𝑥1 + 𝑏𝑏1,2𝑥𝑥2 + ⋯𝑏𝑏1,𝑝𝑝𝑥𝑥𝑝𝑝 
𝐿𝐿𝑉𝑉2 = 𝑏𝑏2,1𝑥𝑥1 + 𝑏𝑏2,2𝑥𝑥2 + ⋯𝑏𝑏2,𝑝𝑝𝑥𝑥𝑝𝑝 … … … … … … … … … … … … … … …                                                      𝐿𝐿𝑉𝑉𝑒𝑒 = 𝑏𝑏𝑒𝑒,1𝑥𝑥1 + 𝑏𝑏𝑒𝑒,2𝑥𝑥2 + ⋯𝑏𝑏𝑒𝑒,𝑝𝑝𝑥𝑥𝑝𝑝                                   (2.65) 
As in PCA, PLS will generate as many latent variables (𝑞𝑞) as the smaller of 𝑃𝑃 (dimensions) 
or 𝑁𝑁  (samples). The difference between the two techniques is that PLS procedure 
calculates the latent variables and the regression coefficients at the same time. The 
algorithm is actually an iterative procedure that combines the PCA step with the regression 
step. Latent variables are calculated to explain most of the variance of 𝑋𝑋 while remaining 
orthogonal to each other. In PLS the LVs are constructed in order to maximize their 
covariance with the dependent variable. Unlike PCR equations where the PCs are not 
entered in a particular order the latent variables appear in the PLSR equations in order: the 
first, 𝐿𝐿𝑉𝑉1 , is the one that explains maximum variance; 𝐿𝐿𝑉𝑉2  is the second in order of 
variance explained and so on. 
The number of latent variable to use is usually calculated using the leave one out cross 
validation (or K-fold cross validation in Matlab). In K-fold cross-validation, K-1 folds are 
used for training and the last fold is used for evaluation. This process is repeated K times, 
leaving every different fold for evaluation each time. For every left out sample the 
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prediction error 𝑦𝑦𝑖𝑖 − 𝑦𝑦𝑖𝑖,𝐾𝐾𝑎𝑎𝑙𝑙𝐾𝐾𝑠𝑠𝑙𝑙𝑎𝑎𝑑𝑑𝑒𝑒𝑑𝑑 is determined using the regression function calculated 
from the rest of the samples. Then the MSECV (mean square error of cross validation) is 
estimated using the K prediction errors: 
𝑀𝑀𝑆𝑆𝐸𝐸𝐶𝐶𝑉𝑉 = ∑ �𝑦𝑦𝑖𝑖 − 𝑦𝑦𝑖𝑖,𝐾𝐾𝑎𝑎𝑙𝑙𝐾𝐾𝑠𝑠𝑙𝑙𝑎𝑎𝑑𝑑𝑒𝑒𝑑𝑑�2𝐾𝐾𝑖𝑖=1 .            (2.66) 
The MSECV is calculated for different values of the number of latent variables 𝑞𝑞, and the 
optimum value is chosen as the one which minimize the MSECV (Livingstone 2009).  
2.12.4 Pre-processing techniques 
Pre-processing spectra before using PCR or PLS regression can help to eliminate some 
external effect like fluorescence or to obtain a better signal to noise ratio that allows a 
better resolution of the peaks. Many techniques can be used, in particular for the 
instruments used in this work the best options are: 
• Autoscaling; 
• Smoothing; 
• Baseline correction; 
• Derivative; 
• Multiplicative scatter correction (MSC) and standard normal variate (SNV) 
transform. 
Pre-processing techniques are normally necessary to treat the spectroscopic data before its 
interpretation. For NIR it usually common to do second derivative, which allows 
eliminating baseline effect and makes the peaks narrower. It is generally preferred to first 
derivative because the position of the tracked peak does not change and, compared to the 
first derivative, even extremely flat structures can be evaluated. For Raman spectra a 
baseline correction is advisable because it partly eliminates the effect of fluorescence. 
Generally, Raman’s peaks are narrow enough in the raw spectrum but first derivative can 
be useful especially for quantitative calibration and for dilute slurries.  
Autoscaling 
This term indicates the procedure of performing both mean centering and variance scaling 
of the data. Mean centering is performed by calculating the average data vector of all the 
samples and then subtracting it point by point from each vector in the data set. Graphically, 
mean centering is just a shift in the origin of the plot. Mean centering must always be 
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performed before variance scaling which is used to give equal weight to all portions of the 
experimentally measured data vectors. This can be done by normalizing each column of 
variables so that the sum of the square values for each of them is equal to 1. Autoscaling 
should be performed at last, after all the other pre-processing techniques (Gemperline 
2006). 
Smoothing 
Smoothing can improve the signal-to-noise ratio of a signal recorded. The most useful 
algorithm used is the Savitzky-Golay which essentially fits individual polynomials to 
windows around each point of the spectrum. It is possible to choose the size of the window 
(in points) and the order of the polynomial. The larger the window and lower the 
polynomial order, the more smoothing is done. 
Baseline correction 
In the simplest kind of baseline correction the spectrum must have a region where the 
signal is zero. It is possible to calculate then the average signal over this region for each 
spectrum and subtract it from each wavelength in the respective spectrum (Gemperline 
2006). Alternative baseline corrections are possible if the background is a curved signal 
with multiple valleys. In this case it is possible to fit a polynomial function though the 
valleys and then subtract it from the spectra to be corrected. 
Derivative 
This kind of pre-processing technique allows to remove some baseline effect and to have a 
better resolution of the peaks. It usually accentuates the noise effect so it must be 
performed together with smoothing. The derivative transformation is linear, so the 
quantitative aspects of the original spectra are retained (Gemperline 2006). 
MSC and SNV 
Those two techniques are very similar to each other and normally the one which works 
better is chosen. They are particularly useful in NIR to eliminate differences due to the 
particle size in powdered samples (Gemperline 2006). 
2.12.5 Model validation 
The reliability of a calibration model is estimated using validation. Cross-validation has 
been explained in the previous paragraphs and it is usually a good choice if the calibration 
set does not include many samples. However, an external validation is usually preferred. In 
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this technique a group of known samples are not included in the calculations but they are 
used to test the estimated calibration function. Usually the root mean squared error of 
prediction (RMSEP) is calculated in order to have a numeric value that represents the 
reliability of the model: 
𝑅𝑅𝑀𝑀𝑆𝑆𝐸𝐸𝑃𝑃 =  �∑ �𝑦𝑦𝑖𝑖,𝑃𝑃−𝑦𝑦𝑖𝑖,𝑐𝑐𝑐𝑐𝑙𝑙�2𝑒𝑒𝑖𝑖=1
𝑒𝑒
,             (2.67) 
where 𝑞𝑞 is the number of validation samples, 𝑦𝑦𝑖𝑖,𝑃𝑃  is the dependent variable for each of 
them and 𝑦𝑦𝑖𝑖,𝐾𝐾𝑎𝑎𝑙𝑙 is the correspondent value calculated with the calibration model. The root 
mean square error of prediction is usually compared with the root mean square error of 
calibration (RMSEC): 
𝑅𝑅𝑀𝑀𝑆𝑆𝐸𝐸𝐶𝐶 =  �∑ �𝑦𝑦𝑖𝑖,𝐶𝐶−𝑦𝑦𝑖𝑖,𝑐𝑐𝑐𝑐𝑙𝑙�2𝑒𝑒𝑖𝑖=1
𝑙𝑙
 ,             (2.68) 
where 𝑙𝑙 is the number of calibration samples, 𝑦𝑦𝑖𝑖,𝐶𝐶  is the dependent variable for each of 
them and 𝑦𝑦𝑖𝑖,𝐾𝐾𝑎𝑎𝑙𝑙 is the correspondent value calculated with the calibration model. A good 
calibration model has similar values of RMSEC and RMSEP. A further indication of the 
reliability of the model and in general, of the linearity of the system is the correlation 
coefficient (𝑅𝑅2). That is calculated as: 
𝑅𝑅2 = 1 −  𝑆𝑆𝑆𝑆𝑟𝑟𝑒𝑒𝑠𝑠
𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡
,               (2.69) 
with the sum of squares of residuals expressed as: 
𝑆𝑆𝑆𝑆𝑟𝑟𝑒𝑒𝑠𝑠 = ∑ �𝑦𝑦𝑖𝑖 − 𝑦𝑦𝑖𝑖,𝐾𝐾𝑎𝑎𝑙𝑙�2𝑙𝑙𝑖𝑖=1 ,              (2.70) 
and the total sum of squares as: 
𝑆𝑆𝑆𝑆𝑑𝑑𝑠𝑠𝑑𝑑 = ∑ (𝑦𝑦𝑖𝑖 − 𝑦𝑦𝑑𝑑𝑒𝑒𝑎𝑎𝑙𝑙)2𝑙𝑙𝑖𝑖=1 ,              (2.71) 
where 𝑦𝑦𝑑𝑑𝑒𝑒𝑎𝑎𝑙𝑙is simple the mean value of the set of dependent variables. The more linear is 
the correlation between 𝑦𝑦 and 𝑋𝑋 and the closer 𝑅𝑅2 is to 1.  
2.12.6 Calibration free models 
Chemometrics is a very useful tool to calculate calibration functions that can predict with 
high accuracy important parameters of a crystallization system, such as the solute 
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concentration or the polymorphic ratio. However, the calculation of a good calibration 
function requires many experiments, time and resources. To avoid waste of time and 
money many researchers proposed calibration free approaches (Barrett et al. 2010; Hao et 
al. 2010; Cornel and Mazzotti 2008). In this kind of methodology chemometrics is not 
used but only simple relationships between some spectroscopic data (peak heights, areas, 
shifts etc.) and the parameter to control (the solute concentration or the polymorphic ratio 
for example) are exploited. This kind of approach still requires a set of preliminary 
experiments to find the best spectroscopic parameter and to analyse its trend during a 
crystallization process. However, the number of experiments necessary to develop a 
calibration free control strategy is lower in comparison with the development of a good 
calibration function. 
In 2010 Barrett at al. used the height of a peak in the ART-FTIR spectrum of benzoic acid 
in a solution of ethanol and water to perform supersaturation control during different 
crystallization processes. They also combined this strategy with a temperature cycle in 
order to obtain a better final crystal size distribution. More recently Duffy et al. used the 
same approach in the antisolvent crystallization of paracetamol in acetone and water 
(Duffy et al. 2013). Hao et al. monitored the concentration of mannitol during a cooling 
crystallization using the relative intensities of two Raman peaks (Hao et al. 2010).A more 
complex approach was ideated by Cornel: Raman was used to monitor solute 
concentration and polymorphic ratio of L-glutamic acid in a seeded, isothermal 
transformation (Cornel and Mazzotti 2008). A combination of modelling and multivariate 
approach was used to determine the calibration function without performing too many 
experiments. Raman spectra during the polymorphic transition were also simulated using 
just few initial spectral data. However, this approach implies a good knowledge of the 
thermodynamic and kinetics of the substance studied for the development of the model 
which can, sometimes, require a large number of preliminary experiments. 
2.12.7 Design of Experiments 
Design of experiments is a common practice used to reduce the number of experiments 
needed for a calibration and, therefore, the time spent in calibrating. It is also a good 
approach in modelling to optimize the number and combinations of factors to consider in 
the simulations. A good design of experiments allows having a reliable calibration function 
with a reasonable number of experiments (Brereton 2003).  
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This technique is extremely useful in calibrations when multiple factors can affect the 
instrument response. For example, if ATR-UV/Vis is chosen to measure the concentration 
of a compound in a specific solvent during a crystallization process, all the factors that 
may change in the process and that can affect the spectrum, must be considered during 
calibration. If it is a cooling crystallization temperature will change, and because this 
parameter affects the UV spectra, the calibration set of experiments will have to include 
samples at different temperatures.  
In order to have a suitable set of calibration samples all the affecting factors must be 
changed independently in the experiments. Factorial design is the simplest method to plan 
a set of experiments. In this method a number of levels for each variable must be chosen. 
The levels are the values of the independents factors that will be analysed. The maximum 
and minimum levels must be chosen in order to accurately represent the type of 
experiments where the calibration will be used. Once the number of independent factors, 𝐹𝐹, 
is determined and the levels, 𝐿𝐿, are chosen, the number of experiments required in the 
factorial design is given by 𝐹𝐹𝑘𝑘. Factorial design can be very time consuming if the number 
of independent factors is very high. In that case other approaches can be used, such as 
Box-Behnken, face-centered cube or central composite design (Brereton 2003). 
The Box-Behnken design is an independent quadratic design that requires 3 levels of each 
factor. In this design the experimental values are at the midpoints of edges of the process 
space and at the centre as shown in Figure 2.16.  
 
Figure 2.16: A Box-Behnken Design for Three Factors (http://www.itl.nist.gov/). 
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2.13 Feedback control for polymorphic systems 
Chapter 6 of this thesis is focused on the development of a feedback control strategy 
(called active polymorphic feedback control, APFC) that detects and eliminates an 
undesired polymorph during batch crystallization processes, allowing the growth of the 
desired form. This innovative strategy combines Raman and ATR-UV spectroscopy and 
consist of a dissolution cycle triggered by the Raman signal that eliminates the unwanted 
form, and then a supersaturation control (using the ATR-UV/Vis signal) over the desired 
polymorph. 
The most common PAT tools used for monitoring polymorphic transformations are near-
infrared (NIR) and Raman spectroscopy, although FBRM and ATR-FTIR are also used to 
indirectly detect a change in the polymorphic form. Recently, new techniques such as 
ATR-MIR and advanced particle analysing system (APAS) were tested for the 
crystallization of paracetamol and L-glutamic acid (Helmdach et al. 2013). Raman 
spectroscopy is particularly sensitive to changes in the polymorphic form and the spectra 
are not influenced by water. However, for quantitative monitoring of polymorphic 
crystallization processes calibration experiments are required; the Raman spectrum is 
influenced by many parameters in addition to the polymorphic form and composition, (e.g. 
slurry density and particle size) and the calibration of a specific system can be challenging 
(Helmdach et al. 2013). This is probably the main reason why Raman has not been 
exploited often as a feedback control tool. One of the first concepts that aimed to use 
information from the Raman spectroscopy to detect the formation of an unwanted 
polymorph to change operating condition of a crystallizer was proposed by Pataki et al 
(2012). In their work Raman spectroscopy was used to detect the presence of the 
metastable form of carvedilol. In the case of the presence of the undesired form, the 
solution was heated up until complete dissolution and then cooled down with a different 
cooling rate to favour the nucleation of the stable polymorph. This approach in principle 
leads to the adaptive redesign of the operating conditions of the crystallization process by 
repeated recrystallizations of the product with decreasing cooling rate until the formation 
of the stable form is detected, and it is not an actual feedback control technique, as it did 
not attempt to control the crystallization in the phase diagram directly, to avoid the 
formation of the unwanted form. Seeding with the desired polymorph is used most often in 
the literature as a way of controlling the polymorphic purity. Most approaches proposed 
use then in principle trial-and-error approaches, albeit greatly enhanced by the use of PAT 
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tools, to design the operating trajectory that promotes the formation of the wanted 
polymorph, and only a few papers apply supersaturation control for direct feedback control. 
A list of control strategies used by researcher for polymorphic systems is shown in Table 
2.3. Most of these studies indicated that supersaturation control is an effective way to 
control the supersaturation and growth of crystals and reduce spontaneous nucleation in 
order to reduce the amount of fine crystals or the nucleation of unwanted polymorphs 
(Saleemi et al. 2012b; Nagy 2012; Nagy et al. 2013), however it does not provide a 
suitable control approach alone, in the case of contaminated seed crystals or when the 
nucleation of unwanted polymorphic form does occur during the crystallization. Overall, 
most of the approaches available in the literature are not applicable in the case of 
contaminated seed with variable level of polymorphic impurity. In these cases controlled 
dissolution can be used to eliminate the unwanted polymorph. Controlled dissolution 
cycles have been used for the control of size distribution (Abu Bakar et al. 2009; Abu 
Bakar et al. 2010), with the cycles designed using model-based approaches for batch or 
continuous crystallization systems (Majumder and Nagy 2013b) or using model-free 
techniques based on direct measurement of particle counts using FBRM, such as the direct 
nucleation control (DNC) approach (Nagy et al. 2011; Saleemi, et al. 2012a; Saleemi et al. 
2012). Abu Bakar et al. used a model-free temperature cycling approach to control 
simultaneously size uniformity and polymorphic purity of sulfathiazole crystals in batch 
crystallization (Abu Bakar et al. 2009) by using the DNC approach to eliminate the newly 
nucleated particles, assuming those consist of unwanted polymorph, and promoting the 
growth of the seeded crystals. The approach, however, similarly as the other techniques 
would not work in the case of contaminated seed as the undesired polymorphic form is not 
directly detected. Generally speaking the control of the desired polymorph can be achieved 
in different ways: (i) the desired form can be seeded during a cooling crystallization and its 
growth can be determined by a supersaturation control; or (ii) in the case of unseeded 
system with the potential nucleation of a mixture of polymorphs, the less stable form can 
be dissolved by heating the solution and the suspersaturation control can be imposed to let 
the stable form grow. In both cases, e.g. of seed is contaminated with the unwanted 
polymorph or a mixture of polymorphs nucleates, the use of a direct detection of the 
presence of the unwanted polymorph (e.g. by using Raman spectroscopy) and then the 
trigger of a controlled dissolution cycle can significantly improve the robustness of the 
control approach. All control strategies proposed in the literature so far either use the 
Raman system only to detect the formation of the unwanted polymorph as a trigger to 
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restart the crystallization with a different cooling rate, or use only supersaturation control 
in conjunction with the suitable seed to drive the system in the phase diagram to obtain the 
desired polymorphic form. In this thesis for the first time the active polymorphic feedback 
control (APFC), which is a combined control strategy using directly the Raman signal and 
the supersaturation feedback control approach for increased robustness, is proposed. 
 
Table 2.3: Control strategy used by researcher to control the crystallization of polymorphic compounds. 
Control strategy Reference 
Seeding the desired form between the solubility curve and the 
metastable limit line in order to avoid the nucleation of the other form 
and keep cooling until the supersaturation is consumed 
Threlfall 2000; Beckmann 2000 
Finding the correct amount of seed above which secondary nucleation 
of the metastable form is suppressed and solution-mediated 
transformation is avoided in a cooling crystallization.  
Doki et al. 2003 
Seeding during a cooling crystallization and using focused beam 
reflectance measurement (FBRM) in combination with ATR-FTIR to 
check the total counts and the supersaturation in order to reach the 
desired size of the crystals and eliminate the fines. 
Doki et al. 2004 
T-control and C-control for the conversion of the metastable form of a 
polymorph to its stable form (simulation and experimental work) 
Hermanto et al. 2007; Kee et al. 
2009; Hermanto et al. 2009 
Seeding and growth of the metastable form during a cooling 
crystallization performing supersaturation control 
Kee et al. 2009; Chew et al. 
2007 
Combination of anti-solvent and cooling crystallization was performed 
to obtain the desired form of indomethacin in acetone 
Minamisono and Takiyama 
2013 
Feedback control of the reactive crystallization of L-glutamic acid in a 
semi-batch precipitation was conducted using MID-IR or Raman, 
ATR-FTIR and a pH-meter 
Qu et al. 2009; Alatalo et al. 
2010 
 
2.14 Conclusions on literature review 
This chapter illustrated basics of crystallization, polymorphism, PAT tools and 
chemometrics. The background covered in the chapter has been used to plan and interpret 
the experimental and modelling work done in this thesis. PAT tools have been used to 
study polymorphic transformations during crystallization processes as well as to 
understand the effect of solvent and additive on polymorphism of ortho-aminobenzoic acid. 
Chemometrics techniques have been applied to qualitatively and quantitatively determine 
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the different phenomena during the experiments. A calibration has been performed to 
determine high quality measurement for solute concentration and polymorphic ratio in the 
solid phase. 
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3 Materials and instrumentation 
The compounds and solvents used for the experiments are briefly described in this chapter 
together with the equipment available for the experiments. Different combinations of 
instruments (PAT tools and offline analysis) were used for the several sets of experiments 
conducted for this thesis work. The exact setup for each set of experiments will be 
described in each experimental chapter together with the specific methodology used. 
 
3.1 Materials 
3.1.1 Ortho-aminobenzoic acid (OABA) 
The main compound used for the experiments is anthranilic acid purchased from Sigma-
Aldrich. The material was found to be Form I with purity >98%. Anthranilic acid (2-
aminobenzoic acid or ortho-aminobenzoic acid, OABA) is mainly used for the synthesis of 
benzofused heterocycles and other molecules such as tryptophan, tyrosine or 
phenylalanine. It is also used as intermediate in the production of dyes and pigments, while 
its esters can be used to prepare perfumes, pharmaceuticals and UV absorbers. OABA 
exhibits fluorescence when dissolved in ether, alcohol or glycerol (Susindran et al. 2012). 
It has three known different polymorphic forms: (i) Form I is the stable form at room 
temperature and is also the only one that presents zwitterions in the crystal structure, (ii) 
Form II is the most metastable at low temperature and it is usually obtained by cooling 
crystallization; it is enantiotropically related to form I (transition temperature around 
60°C) and monotropically related to the relatively more stable form III (iii) Form III it is 
usually very difficult to nucleate during cooling crystallization from solution, it is normally 
produced by sublimation or by polymorphic transformation of form I at high temperatures. 
Form I and III are enantiotropically related with a transition temperature around 50°C 
(Jiang 2009; Jiang et al. 2010b; Jiang et al. 2010a). Figure 3.1a, b and c show the crystal 
structures of the three polymorphic forms (data from the Cambridge Crystallographic Data 
centre, WebCSD). Form I crystallizes in solution mainly with a prismatic shape while form 
II has needle morphology. The crystals of form III looks still prismatic although they are 
different from form I. 
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The morphology of form III was difficult to determine as these crystals were obtained as 
solid solutions with benzoic acid and tended to agglomerate. Some microscopic pictures of 
the three forms are shown in Figure 3.2. 
(a) Form I: orthorhombic cell, zwitterions and 
neutral molecules 
(b) Form II: orthorhombic cell, dimers of 
neutral molecules 
(c) Form III: monoclinic cell, dimers of neutral 
molecules 
(d) Phase diagram of the three forms 
Figure 3.1: (a) Molecular structure of anthranilic acid form I, view down the a-axis (Cambridge 
crystallographic data centre, reference AMBACO07) (b) Molecular structure of anthranilic acid form II, view 
down the c-axis (Cambridge crystallographic data centre, reference AMBACO03) (c) Molecular structure of 
anthranilic acid form III, view down the a-axis (Cambridge crystallographic data centre, reference 
AMBACO08) (d) Qualitative representation of the phase diagram for the three polymorphic forms. 
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In chapter 4 OABA will be used as test compound to evaluate the potentiality of Raman 
spectroscopy to qualitatively and quantitatively determine the polymorphic composition of 
solid samples and slurries. In chapter 5 it will be used to prepare slurries and solutions in 
order to calibrate different PAT tools for the determination of solute concentration and 
polymorphic ratio in slurries. OABA will be the model compound for the active 
polymorphic feedback control strategy presented in chapters 6 and 7 and to prove the 
concept of composite PAT array in chapter 8. Chapter 9 will explore the solvent effect on 
the polymorphic outcome of OABA in cooling crystallization; and in chapter 10 the 
interaction with a structurally additive will be studied. 
Figure 3.3 and Figure 3.4 show spectra of the solid OABA forms I and II, taken with NIR 
(Figure 3.3) and Raman (Figure 3.4). NIR spectra of form I and II present few and broad 
peaks but, nevertheless, discrimination between the two is possible. Figure 3.3a shows 
form I NIR spectrum while Figure 3.3b shows form II. Form II presents more peaks than 
form I, in particular in the region between 4000 and 5000 cm-1. Two peaks are present in 
the region between 6000 and 7000 cm-1 for both polymorphs but their intensity is 
considerably higher for form II. 
Figure 3.2: (a) Crystals of form I (b) Crystals of form II (b) Crystals of form III. 
(a) (b) 
(c) 
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Raman spectra present more peaks compared to NIR and the differences between the two 
polymorphs are numerous as shown in Figure 3.4a and b. Both OABA form I and II solids 
have two characteristic peaks in the region 817-786 (peak 1) and 786-755 cm-1 (peak 2) 
(Jiang et al. 2008).  
 
 
 
 
 
 
 
The more intense peak for form I is at 817-786 cm-1 while for form II is between 786-755 
cm-1. Form I also presents strong characteristic peaks at 1038 cm-1 and 950 cm-1 as shown 
in Figure 3.4a. ). Looking at mixtures at different ratios of form I and II it can be observed 
that when the ratio of form II increases the intensity of peak 2 increases. At the same time 
there is a decrease in the intensity of peak 1. So it is possible to differentiate if a solid 
sample is pure form I, form II or a mixture. This characteristic trend is due to the fact that 
vibrations of different chemical bonds are affected by the crystalline arrangement. In the 
case of OABA, the crystal structure of form I allows more easily vibrations in the region 
4000 5000 6000 7000 8000 9000 10000-1
0
1
2
3
4
NIR shift (cm-1)
A
bs
or
ba
nc
e 
of
 F
or
m
 I
(a) 
4000 6000 8000 10000 12000-1
0
1
2
3
4
NIR shift (cm-1)
A
bs
or
ba
nc
e 
of
 fo
rm
 II
(b) 
Figure 3.3: NIR spectra of OABA (a) form I and (b) form II. The regions with more differences are 6000-8000 
cm-1 and 4000-5000 cm-1. 
 
 
Figure 3.4: Raman spectrum of OABA (a) form I and (b) form II. 
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817-786 cm-1 while vibrations in the region 786-755 cm-1 are not favoured. The structure 
of form II instead favours vibrations in 786-755 cm-1 and partially blocks the ones in 817-
786 cm-1. It can be noted that the two studied peaks are both corresponding to ring 
vibrations of benzene derivatives. 
Solubility of the two polymorphic forms of OABA 
Three different methods were used to measure the solubility of OABA polymorphs I and II 
in the chosen solvent (10% w/w IPA and water):  
- The Avantium Crystal 16 (turbidity probe); 
- A thermogravimetric method; 
- A spectroscopic method (ATR-UV/Vis). 
Avantium Crystal 16 
Vials of about 1 mL volume were filled with the solvent (10/90 w/w solution of IPA and 
water) and different amount of either form I or II of OABA. The slurries were then 
inserted in the Crystal 16 (a system of sixteen small stirred reactors with controlled 
temperature) and a slow heating rate of about 0.1 °C/min was applied. Complete 
dissolution of the solid was recorded by a turbidity probe and that temperature was taken 
as the saturation temperature of the sample. Data were processed using the CrystalClear 
software (Avantium). Results are shown in Figure 3.5. 
 
 
Figure  3.5: Solubility of OABA form I and II in solution 90:10 w/w water:IPA measured with the Crystal16. 
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Thermogravimetric method 
Two suspensions of the OABA polymorphs I and II were prepared in the chosen solvent. 
Temperature was raised in steps of five degrees from 10 to 50 °C. Each step was 3 hours 
long for form I and only 1 hour long for form II to avoid polymorphic transformation 
during the measurement. As temperature got closer to the transition temperature (50 °C), 
the step time for form I was reduced to one hour, again in the interest of preventing a 
polymorphic change. For each temperature step three samples were taken, the liquid phase 
was separated from the solid in suspension though filtration and then left to evaporate at 40 
°C for 24 hours. At high temperatures, the pipette and containing dishes were heated to 
prevent an undesirable rapid nucleation of the sample. The containing dishes were weighed 
before taking the sample (𝑤𝑤0 empty dish weight), before drying (𝑤𝑤𝑤𝑤 wet dish weight), and 
after drying (𝑤𝑤𝑑𝑑 dry dish weight). Solubility S was then obtained using the formula: 
𝑆𝑆 = (𝑤𝑤𝑑𝑑−𝑤𝑤0)(𝑤𝑤𝑤𝑤−𝑤𝑤𝑑𝑑)                 (3.1) 
The results of the measurements are shown in Figure  3.6: 
 
 
Figure  3.6: Solubility of OABA form I and II in solution 90:10 w/w water:IPA measured with the 
thermogravimetric method. 
 
Spectroscopic method 
A large amount of OABA was added to the solvent and heated up until complete 
dissolution at around 80°C. The solution was kept as such a high temperature only for 
30min in order to avoid decomposition and solvent evaporation. Form II was then 
nucleated applied a fast cooling rate (-1°C/min) and temperature was dropped to 10°C and 
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kept for about 1 hour. After that temperature was raised to 20°C and kept for another hour 
and a similar procedure was done for 30 and 40°C. Concentration at the different 
temperatures was calculated using the same calibration method exploited for the 
supersaturation control (SSC) experiments. Excel and Matlab were used for the processing 
and interpolation of the data. The same procedure was repeated for form I but with a 
smaller supersaturation and slower cooling rate in order to nucleate form I. Figure 3.7 
shows the solubility curves measured with the spectroscopic method. During some 
preliminary experiments of heating and cooling both form I and II it was found that this 
method gives the more reliable data. The equations found were successfully implemented 
in CryPRINS for the supersaturation control of OABA form I in chapter 6. 
 
Figure 3.7: Solubility of OABA form I and II in solution 90:10 w/w water:IPA measured with the spectroscopic 
method. 
 
3.1.2 Vitamin B12 
Vitamin B12 (cobalamin) is one of the biggest and most complex vitamins and, in humans, 
it is required to assist the actions of two enzymes: methionine synthase and (R)-
methylmalonyl-CoA mutase. It is commonly used to cure pernicious anaemia and its 
deficiency determines an increase in homocysteine levels that leads to a major risk for 
heart disease, stroke, atherosclerosis and vascular diseases. Despite the lack of solid 
evidences on the importance of vitamin B12 in maintaining normal myelination of nerve 
cells, its role in preventing many neurological and psychiatric symptoms is becoming 
clearer and clearer. For these reasons, every year, around 10 tons of the semisynthetic 
version of vitamin B12 (cyanocobalamin) are produced by biofermentation from several 
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bacterial species (Martens et al. 2002). A schematic of vitamin B12 molecule is shown in 
Figure 3.8. The molecule is fairly big and complex and can be divided in three parts: (1) a 
central corrin ring which contains four ligands for the central cobalt ion, (2) a lower ligand 
donated by the 5,6-dimethylbenzimidazole (DMBI) and (3) an upper ligand made from 
either an adenosyl group or a methyl group. Two crystalline forms were discovered by X-
ray diffraction: a wet and an air-dried structure (Hodgkin et al. 1956; Hodgkin et al. 1955). 
The main difference between the two is the presence of water molecules in the crystal 
lattice that makes the unit cell of the wet form bigger than the air-dried. Cyanocobalamin 
is mainly produced by biosynthetic fermentation processes although a full chemical 
synthesis (consisting of 70 steps) was developed in the early 70s (Martens et al. 2002). 
High levels of impurities are present in the biosynthesized vitamin B12 that can inhibit 
growth and strongly affect the final crystal size distribution together with the ease of 
downstream processes (filtration in particular). Vitamin B12 is the biopharmaceutical 
compound studied in chapter 11 and 12. 
 
 
Figure 3.8: Molecular structure of cyanocobalamin. The CN group constitutes the difference from the natural 
vitamin B12 and it is the results of the extraction procedure by which the compound is removed from bacterial 
cultures (Martens et al. 2002). 
 
Crude Vitamin B12 produced by fermentation was donated by Hebei Welcome 
Pharmaceutical Co., LTD (China). The raw material consisted in a dry powder containing 
around 7% of impurities. Those were mainly byproducts of the fermentation process (e.g. 
50-carboxyl cyanocobalamin, 34-methyl cobalamin, 8-epi-cyanocobalamin and 
cyanocobalaminic lactate) and inert. 
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3.1.3 Solvents and additives 
As solvents isopropyl alcohol (IPA 99.97% grade, Fisher Scientific), and ultrapure water 
obtained via a Millipore ultra-pure water system were used for the experiments with 
OABA. Vitamin B12 was crystallized from de-ionized water and mixtures of water and 
ethanol (purity 99.99%, Fisher Scientific). Benzoic acid purchased by Sigma-Aldrich 
(purity >99.5%) was used as structurally related additive in the experiments of chapter 10. 
Pure ethanol (Fisher Scientific with purity >95% v/v) was used in the experiments with 
vitamin B12 (chapters 11 and 12). 
 
3.2 Equipment and rig used during the experiments 
A simple schematic representation of the experimental rig used for the experiments of this 
thesis is shown in Figure 3.9 while a list of the instruments as well as a brief description of 
their characteristics is reported in Table 3.1. The pre- and post-processing of the data were 
done with Matlab R2013 and Excel 2010. The signals from FBRM, ATR-UV/Vis and the 
Huber were transmitted in real-time to the Crystallization process Informatics System 
(CryPRINS) software. This in-house software CryPRINS provides a communication 
interface via file transfer, OPC (Object linking and embedding for process control), RS232 
or DDE (dynamic data exchange), with a variety of PAT tools and allows real-time 
monitoring of these signals, as well as setting a desired temperature profile and performing 
different types of feedback control. In particular, direct nucleation control and 
supersaturation control were performed with CryPRINS during the experiments performed 
for this thesis. Raman, NIR and PVM data was collected separately with the software 
packages of the respective instruments. 
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Figure 3.9: Schematic of the rig used during some of the experiments. 
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Table 3.1: Instruments used for the experiments 
Instrument Characteristics Chapters in the thesis where 
the instrument was used 
400 ml vessel Glass jacketed vessel fitted with a retreat curved 
impeller. The temperature of the jacket was 
controlled by a temperature probe PT-100 
connected to the Huber. 
Chapter 4 to Chapter 12 
Huber 
circulation 
thermostat 
Model ministat 230-cc-NR controlled by CryPRINS Chapter 4 to Chapter 12 
Raman 
spectroscope 
RXN1 Raman analyser with immersion and optical 
probe and 785 nm laser (Kaiser with iC Raman 4.1 
software) 
Chapter 4 to Chapter 10 
NIR 
spectroscope 
Matrix F FT-NIR analyser equipped with an IN268 
NIR reflection probe and an IN271P NIR 
transflection probe (Bruker with OPUS 7.0129) 
Chapters 5 and 8 
FBRM D600L Lasentec FBRM probe (Mettler Toledo with 
FBRM software V 6.7.0) connected to CryPRINS 
Chapter 4 to Chapter 12 
PVM PVM V819 probe (Mettler Toledo with PVM on-
line image acquisition software version 8.3) 
Chapter 5 to Chapter 10 
UV/Vis 
spectroscope 
MSC621 Carl Zeiss ATR-UV/Vis analyser (with in-
house LabView software) with Helma ATR (type 
661.822-UV) probe connected to CryPRINS 
Chapter 5 to Chapter 12 
DSC analyser Q10 DSC (Thermo analytics) Chapter 4 to Chapter 12 
X-ray 
diffractometer 
D2-Phaser XRD (Bruker) Chapters 6 and 10 
ATR-FTIR 
spectroscope 
Nicolet is50 ATR-FTIR (Thermo scientific 
equipped with OMNIC 7 software) 
Chapter 10 
HPLC analyser HPLC Agilent 1100 series (Hewlett Packard) with 
ChemStation software rev. A.09.03[1417] 
Chapters 10 to 12 
Raman 
microscope  
Model DXR 780nm (thermo Scientific equipped 
with OMNIC 8 software) 
Chapter 4 to 12 
 
3.3 Conclusions 
The technical characteristic of the instruments used in this thesis were described in this 
chapter. In the last section a schematic of the setup is also presented. Additionally, the raw 
materials and solvents used for the experiments are described. Ortho-aminobenzoic acid 
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and its polymorphism are explained in detail. The main characteristics of vitamin B12 
obtained by fermentation are also listed as well as some additional information on the 
history of this biomolecule. 
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4 Application of quantitative Raman spectroscopy for the monitoring 
of polymorphic transformation in crystallization processes using a 
good calibration practice (GCP) procedure 
 
A good calibration practice procedure to quantify polymorphic purity of slurries using 
Raman spectroscopy is described in this chapter. The Raman signal and the possible 
parameters that can influence it during a cooling crystallization experiment are analysed 
in the first part of the chapter. The second part of shows the results of a systematic 
calibration conducted with design of experiments. 
 
4.1 Introduction 
Determining and monitoring polymorphic transformations has become very important, 
especially in the pharmaceutical industry since polymorphs of the same chemical 
compound can have different physical and chemical properties that can strongly affect the 
manufacturing process. Significant work has been done for the calibration of Raman 
spectroscopy to monitor the presence and amount of solid polymorphs in suspensions, as 
well as the liquid concentration during crystallization processes. Nevertheless, a clear and 
systematic approach to Raman calibration is missing in the literature. The aim of this 
chapter is to develop a methodical strategy for Raman calibration for the determination of 
polymorphic ratio of slurries in cooling crystallization processes. The principal factors that 
can affect the Raman spectra of a specific compound in solution, such as solid type, solute 
concentration, temperature, crystal size and solid concentration were taken into account. 
Furthermore, the effects of those factors have been studied in more details to determine if 
they can be effectively modelled with a linear calibration approach. Univariate and 
multivariate calibration techniques were investigated using several pre-processing 
techniques to optimize the signal. The results are combined in a systematic “good 
calibration practice (GCP) procedure”, that allows obtaining high quality measurement 
with a reduced amount of experiments.  
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4.2 Methodology, materials and equipment 
4.2.1 Materials and Equipment 
Form I and II of ortho-aminobenzoic acid were used for the experimental work of this 
chapter. OABA form II was prepared in laboratory by cooling crystallization in the 
jacketed vessel described in the methodology chapter. Form I of OABA was dissolved in 
pure isopropyl alcohol and heated up to 60 °C. The temperature was kept constant for 15 
min in order to reach a complete dissolution and then dropped to 20°C. Crystals of form II 
were rapidly filtrated and dried to avoid polymorphic transformation in solution. 
Differential scanning calorimetry (DSC) and Raman spectroscopy were used to check the 
purity of form II. Calibrations of slurries were conducted using the same stirred vessel with 
temperature controlled via the CryPRINS software. The vessel was provided with a 
condenser to avoid loss of solution via evaporation during the experiments. Raman, PVM 
and FBRM were used for the experiments. 
4.2.2 Effect of solute concentration on the Raman spectra 
In order to study the effect of solute concentration on Raman signal a solution of 10% IPA 
and 90% water (w/w) was prepared and held at 40°C during the experiment. Solid OABA 
form I was added in steps and dissolved in the solvent (+1.01 g, +1.13 g, +1.25 g, +1.60 g). 
The maximum concentration reached was below the saturation point; therefore, all the 
measurements were taken in clear solution. Three Raman spectra were collected for every 
concentration. A time exposure of 10 s was used and the total number of scansions was 10. 
For the multivariate analysis K-fold cross validation was performed to choose the correct 
number of components or factors, which is the one which minimizes the root mean square 
error of cross validation (RMSECV). 
4.2.3 Effect of crystal size on the Raman spectra 
Raman spectra are affected by the crystal size as previously demonstrated by Chen et al. 
(2012). A more detailed study on this phenomenon has been done in this work using 
OABA form I solid powder with different sizes. Metallic sieves were used to produce four 
different size fractions: (1) 63-75 µm, (2) 75-125 µm, (3) 125-150 µm, and (4) 150-250 
µm. For each solid mixture, three measurements were taken using a non-contact NCO-1.3-
VIS/NIR Raman probe at a distance of 2.5 cm from the samples. The exposure time was 
10 s and 17 scansions were taken for each measurement. Every sample had the same mass 
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and approximately the same volume (some mixtures were compressed in order to have 
always the similar volume); in order to minimize the differences between samples. 
Multiple series of experiments were conducted to evaluate the consistency of the results. 
Two further experiments were carried out in slurries to investigate the effect of crystal size 
on the spectra collected with the immersion probe. A solution of IPA and water (10% w/w 
IPA) was prepared and OABA form I was added in order to obtain a saturation 
temperature of about 40 ºC. The temperature was kept at 38 ºC for 30 min, then the 
solution was cooled down slowly to 33ºC, kept for 1 h, cooled down again to 28°C and 
kept for an additional hour. The temperature effect on the Raman signal within a range of 
ten degrees is negligible. The seeds were added at a very low supersaturation so that 
nucleation was avoided. FBRM was used to check the presence of nucleation and to 
confirm the growth of the crystals during the experiments.  
4.2.4 Effect of solid concentration on the Raman spectra 
The experiment was conducted in water at a constant controlled temperature of 20 °C. 
OABA has very low solubility in those conditions (0.35g OABA/100 g water). Form I was 
added progressively in the solution and 5 measurements were taken after each addition in 
order to have Raman spectra at different solid concentration in water.  
 
Table 4.1: Solid added, exposure times and solid concentration during the experiments performed to check the 
effect of solid density on Raman spectra 
Sample Solid added (g) Exposure time (s) 
Solid concentration 
(g solid/100 g solution) 
1 4.68 10 1.21 
2 6.25 10 3.29 
3 10.95 5 6.94 
4 10.49 5 10.44 
5 8.68 4 13.33 
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For every new addition the time of exposure had to be reduced in order to have a clear 
Raman spectrum (a larger amount of solids generates a stronger Raman signal with the 
effect of a possible saturation of the instrument). The number of scansions was adjusted 
accordingly with the decrease of the exposure time in order to have the same signal to 
noise ratio in all the measurements. The most important variables of the experiment are 
shown in Table 4.1: these are amount of solid added in each measurement, exposure time 
and solid concentration of the suspension. 
4.2.5 Effect of temperature on the Raman spectra 
The effect of temperature on Raman spectra is more difficult to study because the 
solubility of OABA varies with this parameter. In the case of suspensions of solids, an 
increase of the temperature will provoke the dissolution of part of the solids and thus a 
change in their concentration. Moreover, solids in suspension can grow and nucleation can 
occur, making even more difficult to distinguish between the effect of temperature and 
crystal size or suspension density. For these reasons the effect of temperature was studied 
on clear solutions in the absence of solid particles. Clear solutions at constant 
concentration of OABA form I in a mixture of ethanol and water (50/50 w/w) were used. 
The choice of a different solvent was to avoid overlapping peaks with OABA. Ethanol has 
characteristic peaks which are less overlapping with the typical peaks of OABA compared 
to IPA. Five measurements were taken for each temperature with 5s time of exposure and 
20 scansions. Five temperatures were tested: 20 °C, 30 °C, 40 °C, 50 °C and 60 °C. 
4.2.6 Calibration of solid samples of OABA form I and II 
The aim of these experiments was to build a calibration model for the quantification of the 
mass fraction of solid OABA form II using Raman spectroscopy in powder mixtures of 
both form I and II. Dry mixtures were prepared using different proportions of form I and II 
(0, 25, 50, 75 and 100%). The crystal size of the two forms was the same 75-150 µm 
(sieves were used to prepare the samples of each form). Each sample was agitated by hand 
for 5 min before the first measurement and then agitated again for about 1 min before each 
other measurement. A Raman non-contact NCO-1.3-VIS/NIR (Kaiser optical systems) 
probe was used. The samples were put on a paper and arranged in a circular shape of 3 cm 
of diameter. Five measurements were taken and for each measurement three samples were 
collected from different points of the samples. A comparison with a NIR Q412/A-Ex 
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(Bruker) emission probe was also performed to investigate the effect of the slot area and 
the accuracy of the Raman non-contact probe. 
4.2.7 Calibration of solid mixtures of form I and II in suspensions of IPA and water 
A Box-Behnken design of experiment approach was used to plan the experiments 
considering the factors that affect Raman spectra the most and the ones that could be easily 
controlled: solute concentration, solid concentration and polymorphic ratio.  
Table 4.2: Box-Behnken design of experiment for the calibration of polymorphic concentration in solutions of 
water and IPA 
Experiment Temperature 
(°C) 
Polymorphic ratio 
(%) 
Total solid for 100g 
solvent (g) 
1 10 0 0.775 
2 10 100 0.775 
3 40 0 0.775 
4 40 100 0.775 
5 10 50 0.3 
6 10 50 1.25 
7 40 50 0.3 
8 40 50 1.25 
9 25 0 0.3 
10 25 0 1.25 
11 25 100 0.3 
12 25 100 1.25 
13 25 50 0.775 
14 25 50 0.775 
15 25 50 0.775 
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Solute concentration is dependent only on temperature for saturated solutions in the 
presence of suspended solids so that was considered as the changing factor. This type of 
design allows considering more factors with a restricted number of experiments. It is a 
typical three level approach. The upper and lower levels for each factor must be chosen in 
this approach. Because the calibration is for a cooling crystallization it was decided to 
work in a range of temperature from 10 to 40 °C, and the maximum solid content was 
chosen as the amount of solids needed to produce a 40 °C saturated solution. The 
minimum was chosen arbitrary considering a 10° C saturated solution. Table 4.2 reports 
the experiment planning. Each experiment was conducted at constant temperature (10, 20, 
30 and 40 °C). OABA form I or II was dissolved in the solvent until saturation of the 
solution and kept for at least 30 min. Then, the other form was added in order to reach the 
desired polymorph ratios and measurements were rapidly taken (2 samples for each 
measurement). Each sample was the result of 10 scansions with an exposure time of 10 s. 
 
4.3 Results and discussion 
4.3.1 Effect of solute concentration 
The effect of solute concentration was studied using both a univariate and multivariate 
approach. In both cases it was found that the effect of solute itself on Raman is linear, and 
an increase in concentration generates an increase in the intensity of the characteristic 
peaks of OABA (as shown in Figure 4.1).  
 
Figure 4.1: Effect of solute concentration of OABA on Raman spectra. The signal of the specific peaks of OABA 
increases with increase of concentration. 
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While for some compounds it is possible to find specific peaks for the solute (Hu et al. 
2005), for OABA a peak corresponding to the dissolved molecules only was not identified. 
For the univariate analysis six different peaks were studied as reported in Table 4.3. 
Second derivative was calculated in order to have narrower peaks and eliminate the 
baseline shift generated by fluorescence; smoothing was performed using iCRaman. In 
order to find a correlation between Raman signal and solute concentration the area under 
the chosen peaks was considered. Results are shown in Table 4.3 and Figure 4.2.  
Table 4.3: Raman peaks analysed for the univariate study of solute concentration effect on spectra and results of 
univariate interpolation performed in Excel. C is the solute concentration while A is the area of each chosen peak 
 
 
 
 
 
 
 
 
Figure 4.2: Trends of the chosen peak areas as a function of solute concentration (peak specifications shown in 
Table 4.3). 
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1 1175-1164 C=0.2709A+0.0062 0.9843 
2 1046-1025 C=0.6707A-0.0006 0.9967 
3 777-759 C=0.7031A-0.0129 0.9975 
4 570-556       C=0.6583A-0.012 0.9965 
5 1496-1484 C=0.4616A-0.0013 0.9881 
6 1573-1561 C=0.4306A-0.0008 0.9884 
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The trend is linear from the univariate analysis but each peak increases in intensity with a 
slightly different slope. A multivariate approach was also used considering the region 
between 200 and 1800 cm-1. Spectra were only smoothed with 11 points windows and a 
2nd order polynomial function. Both PCR and PLSR approaches were performed in Matlab 
2012, with PLSR giving better results: using 5 factors the correlation coefficient is 1.0000 
with root mean square error of calibration (RMSEC) of 2.64E-09 and root mean square 
error of prediction for the cross validation (RMSECV) of 3.47E-08. With both the 
univariate and multivariate approaches the effect of solute concentration on the Raman 
spectra is linear and in particular, increasing the concentration generates an increase in the 
signal. 
4.3.2 Effect of crystal size 
Many attempts were conducted to find a correlation between particle size and Raman 
spectra (Hu et al. 2006; Cornel et al. 2008; Allan et al. 2013). However, a characteristic 
trend and a clear explanation of this effect has not yet been found, partly due the 
dependence on the type of probe and the sampling conditions. In this section both the non-
contact and the immersion Raman probe were used to analyse how the size of the OABA 
particles affect the Raman signal. Figure 4.3 shows the spectra for different solid samples 
after a baseline correction.  
 
Figure 4.3: Spectra of OABA form I for samples with different size of the crystals (Autoscaled and smoothed). 
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Two series of experiments were conducted on solid powders but a specific trend between 
the Raman signal and the mean size of the particles was not found. The difference in 
intensity in the raw spectra of the several samples is small and it is difficult to understand 
if the signal increases or decreases with the particle size. The effect of size and packing is 
not clear from the literature and probably minor differences in the preparation of the 
sample as well as in the type of probe used can strongly affect the measurement 
considering the high sensitivity of Raman spectroscopy. However, results indicate that pre-
processing can reduce the differences between the spectra of solid samples. Different pre-
processing techniques, such as standard normal variate (SNV), normalization, baseline 
corrections of different orders, 1st and 2nd order derivatives, etc. were evaluated to find the 
best combination that reduces the effect of crystal size on Raman spectra of solid powders. 
The combination of SNV, 1st derivative and normalization was found to be the most 
effective in reducing this effect. Eight peaks were analysed, and the corresponding region 
of the spectrum are shown in Table 4.4.  
Table 4.4: Peaks analysed for the evaluation of the effect of crystal size on Raman spectra. 
 
 
 
 
 
 
 
The signal intensity of the different peaks, for samples with different particle size, and 
different pre-processing techniques is shown in Figure 4.4. For the first series of 
experiments a slight increasing in the signal is associated with the increase in crystal size. 
The use of SNV correction partially eliminates this trend, as well as the second derivative 
and the normalization of all the spectra for the same peak at 801 cm-1. The combined used 
of SNV and derivative for eliminating scattering effect was already tested and known to be 
effective (Huang et al. 2010). The second series of data still shows a slightly increasing 
Peak number Region of the spectrum 
 (cm-1) 
1 809-795 
2 1700-1625 
3 1625-1572 
4 1050-1020 
5 1381-1050 
6 1220-1180 
7 1180-1157 
8 681-650 
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trend apart from the data at 125 µm. With the same pre-processing techniques, the 
differences between the samples are almost completely eliminated even for this series of 
experiments (see Figure 4.5). As shown in Figure 4.4 and Figure 4.5 good pre-processing 
can eliminate the effect of crystal size in the solid sample using the non-contact probe 
available. 
 
 
 
 
Figure 4.4: Signal intensities of the chosen peaks for the first set of samples at different crystal size (peak 
specifications in Table 4.4). Pre-processing was performed in iC Raman:(a) 3rd order baseline correction; (b)3rd 
order baseline correction and SNV; (c)3rd order baseline correction, SNV and 2nd derivative; (d) 3rd order 
baseline correction, SNV, 2nd derivative and normalization with peak at 801cm-1. 
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Figure 4.5: Signal intensities of the chosen peaks for the second set of samples at different crystal size (peak 
specifications in Table 4.4). Pre-processing was performed in iC Raman: (a) 3rd order baseline correction; (b) 3rd 
order baseline correction and SNV; (c) 3rd order baseline correction, SNV and 2nd derivative; (d) 3rd order 
baseline correction, SNV, 2nd derivative and normalization at 801cm-1. 
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analysed with an optical microscope to check the increase in size. Two experiments were 
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the particles while experiment 1 did not. However, in both cases, the final size of the 
crystals was considerably higher than the initial one as shown by the chord length 
distribution measured by FBRM. Figure 4.6 shows the total counts registered by FBRM 
and the temperature profile for experiment 1.  
 
Figure 4.6: Temperature profile and total counts recorded by FBRM during Experiment 1.  
 
The total counts go down rapidly in the first 25 min as the seeds partially dissolved in the 
solution; then it remains constant for the rest of the experiment. The trend of the total 
counts shows that during the cooling phase there was no nucleation, so only growth was 
happening in the system. The growth of the crystals is well visible in the chord length 
distribution trend recorded by FBRM at different times during the batch (Figure 4.7). 
 
Figure 4.7: Crystal size distribution during Experiment 1 during the study of the effect of crystal size on Raman 
spectra. 
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The initial CLD is characterized by a maximum of the square weighted chord length 
distribution of about 85 µm (in good correlation with the initial sieve fraction of 63-75 
µm). During the batch the distribution shifts towards a higher maximum and becomes 
narrower, as results of the growth of the crystals. The Raman spectra were analysed by 
tracking different peaks. Figure 4.8 indicates the peaks followed during experiment 1: (i) 
peak 1 between 1051-1023 cm-1, (ii) peak 2 between 777-760 cm-1, and (iii) peak 3 
between 1175-1154 cm-1. The signal is relatively noisy but no significant change in the 
intensity of all the three peaks can be observed although the change in the crystals size is 
remarkable.  
 
Figure 4.8: Trend of three different Raman peaks of OABA form I during experiment 1. (1) Peak 1: 1051-1023 
cm-1. (2) Peak 2: 777-760 cm-1. (3) Peak 3: 1175-1154 cm-1. 
 
A principal component analysis (PCA) was performed on the Raman autoscaled spectra 
and it was found that the first principal component covers 95.8% of the variance in the 
signal.  
 
Figure 4.9: Trend of the first principal component (normalized to 1) during experiment 1. PCA performed on 
smoothed and autoscaled spectra. 
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For this reason it is the only component shown in this study. Its trend is shown in Figure 
4.9: the variations during the whole experiment are minimal and mainly confined during 
the first 25 min where there was still dissolution of the seeds. A second experiment was 
conducted using similar conditions. In this case the growth of single crystals is lower but 
significant agglomeration was observed with PVM and FBRM.  
 
Figure 4.10: Temperature profile and total counts recorded by FBRM during Experiment 2. 
 
Since agglomeration is a competing phenomenon with growth, the final single crystals are 
smaller than in experiment 1. In fact, part of the supersaturation was used to develop the 
crystal bonds between the particles in the agglomerates. The FBRM signal is also different 
from the previous experiment: the total counts/s starts decreasing as the temperature goes 
down (see Figure 4.10). This decrease is associated to the formation of agglomerates as 
shown by the PVM images in Figure 4.11. The difference between the two experiments is 
probably due to a slight difference in the size of the seeds at the beginning of the cooling 
profile. In fact, despite both seeds were obtained using the same sieves, the particles used 
for experiment 2 seems to be smaller (see Figure 4.12 the SWCLD at 40 minutes presents 
a maximum of the square weighted CLD of about 50 μm and also the total counts is higher 
compared to experiment 1) and therefore, tend to agglomerate more easily. Also, the 
stirring rate for Experiment 2 was lower compared to experiment 1 (200 rpm instead of 
340 rpm), and that might also have affected the tendency of agglomeration together with 
the initial step of dissolution. The agglomerates in experiment 2 start appearing after the 
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first cooling step and that is related to the kinetics of agglomeration. In fact, agglomeration 
depends strongly on the surface of the particles and the probability of collision between 
each other. The initial suspension is characterized by small particles highly dispersed in 
the solution. 
 
 
 
 
 
 
 
 
 
 
 
 
These particles tend to agglomerate more easily than big ones because of the higher 
specific surface energy, but since the particles are dispersed in the solution the probability 
of collision and the kinetic energy of collisions are lower. During the cooling step 
supersaturation increases and the particles start to grow. At some point they are large 
enough to have high probability of collision but still small enough to maintain strong inter-
particle forces that generate agglomerates. As a result the total counts decreases and 
agglomerates start to appear as shown in the PVM images (see Figure 4.11). The formation 
of agglomerates generates a decrease in the growth of the single crystals. The images with 
the optical microscope and the PVM confirm that the final size of the crystal is not much 
different from the initial one. The CLD trend, shown in Figure 4.12, is also different from 
experiment 1: the maximum of the square weighted CLD increases significantly during the 
Figure 4.11: PVM images at (a) 10 min (b) 90 min (c) 120 min (d) 172 min during Experiment 2. 
(a) (b) 
(c) (d) 
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batch as the number of counts per size bins decreases, also indicating the formation of 
agglomerates. 
 
Figure 4.12: Crystal size distribution during Experiment 2 for the determination of the effect of crystal size in 
solution on the Raman spectra. 
 
Even in this experiment the Raman signal does not change significantly as shown by the 
principal component analysis (see Figure 4.13).  
 
 
Figure 4.13: Trend of the first principal component (normalized to 1) during experiment 2. PCA performed on 
smoothed and autoscaled spectra. 
 
The first principal component covers the 96.8% of the variance and it stays relatively 
constant during the entire experiment showing that agglomeration of crystals, hence 
significant change in size, does not affect the Raman signal considerably in the case of the 
immersion probe used in this study. 
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4.3.3 Effect of solid concentration in slurry 
The gradual addition of solid in the solution generates an increase in the intensity of the 
Raman peaks as shown in Figure 4.14.  
 
Figure 4.14: Spectra of suspensions of OABA form I in water at different solid concentrations. 
 
The data was analysed with both univariate and multivariate techniques in order to find a 
correlation between the solid concentration of the slurry and the intensity of specific peaks. 
Three peaks were analysed (data were slightly smoothed) for the univariate analysis.  
 
Table 4.5: Increase in the signal intensity for three specific Raman peaks of OABA, associated with an increase in 
the solid concentration by 10 times 
Region of the spectrum (cm-1) Increase in the peak intensity 
680-650 50% 
1059-1000 201.3% 
964-900 215% 
 
The rise in the signal compared to the increase in the solid concentration is significant. 
Table 4.5 indicates the change in the signal intensity of three Raman peaks of OABA when 
the solid concentration rises of about 10 times; depending on the region the Raman peaks 
analysed increase between 50 and 215%. The strong dependence of the signal on the solid 
concentration of the solution requires considering this parameter during the design of the 
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calibration experiments. The best univariate regression result was obtained using the first 
derivative spectra of the third peak analysed (964-900 cm-1). A parabolic relation between 
the peak height and the solid concentration was found; with a correlation coefficient of 
about 0.96 (see Figure 4.15).  
 
Figure 4.15: Univariate analysis of the effect of solid concentration on the Raman signal. 
 
A linear multivariate approach was also used considering the raw spectrum with linear 
baseline correction (average in range 4000-0 cm-1) in the regions between 124-117, 575-
423, 843-831, 1608-1597, 1671-1656 cm-1 and using a PLSR technique with 3 factors. The 
correlation coefficient was found to be 0.9913 with RMSEC=1.73 g solid/100g water. The 
calculated versus actual values are shown in Figure 4.16.  
 
Figure 4.16: Multivariate analysis result for the effect of suspension density on the Raman spectra. 
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The multivariate approach seems to be the more reliable in considering the effect of solid 
concentration. In fact, although from the univariate analysis the change in Raman intensity 
seems to be non-linear, the linear PLSR model can still predict quite well the variation of 
the spectra. However, an increase in the prediction error at very high solid concentration 
can be observed, which is due to a non-linearity effect. This indicates that a nonlinear 
calibration model may be more suitable in the case of calibration with very high solid 
concentration. 
4.3.4 Temperature effect 
The effect of temperature on the Raman spectra for both the solvent and the solution was 
studied. Characteristic peaks were chosen for the solid as well as the solvent and the data 
were analysed with univariate and multivariate techniques.  
 
Figure 4.17: Raman spectra of clear solutions of OABA at different temperatures but same concentration. 
 
Figure 4.17 shows the spectra of OABA solutions at different temperatures, from 20 to 
60 °C. The difference between the spectra is minimal; temperature does not seem to have a 
strong effect on the Raman signal. For the univariate analysis of the dissolved solute three 
regions were chosen, the first derivative was calculated and spectra were smoothed (31 
points window). An increase in temperature of 40 °C generates less than 15% decrease in 
intensity in the 1st derivative Raman spectra for the peaks reported in Table 4.6 
(characteristic of the solid form of OABA). 
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Table 4.6: Decrease in the signal intensity for three specific Raman peaks of OABA, associated with an increase in 
the temperature of 4 times 
Region of spectrum (cm-1) Decrease in intensity of the peaks in first 
derivative 
1190-1148 -13% 
1365-1345 -14% 
1587-1567 -7.45% 
 
Figure 4.18 shows the trend of the Raman intensity as a function of the temperature.  
 
Figure 4.18: Trend of the three chosen peaks for solid OABA in solution as a function of temperature. Peak 
specifications are shown in Table 4.6. 
 
 
Figure 4.19: Trend of the two chosen peaks for the solvent as a function of the temperature of the solution. Data 
were pre-processed with a 31 points smoothing and a 3rd order baseline correction.  
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Temperature seems to have a stronger effect on the peaks of the solvent: the intensity of 
the first derivative of the characteristic peaks of ethanol decreases of -22% (1479-1444 cm-
1) and -19% (1117-1079 cm-1) with an increase in temperature of 40 °C. Results are 
graphically shown in Figure 4.19. The data of Figure 4.18 and Figure 4.19 were 
interpolated using a logarithmic (for the solute peaks) and a linear (for the solvent peaks) 
function in Excel. The results of the interpolation are shown in Table 4.7.  
 
Table 4.7: Univariate analysis results for temperature effect on different peaks of Raman spectra. The variable I 
represents the peak intensity in the region of spectrum chosen while the variable T represents temperature 
Peak Region of spectrum 
(cm-1) 
Interpolating function 
Correlation coefficient 
(R2) 
Peak 1 (OABA) 1190-1148 T=-269.7ln(I)+2995.9 0.917 
Peak 2 (OABA) 1365-1345 T=-216.8ln(I)+2208.2 0.951 
Peak 3 (OABA) 1587-1567 T=-96.86ln(I)+2196.1 0.769 
Peak 1 (Solvent) 1479-1444 T=-50.443I+9894.9 0.987 
Peak 2 (Solvent) 1117-1079 T=-139.46I+20270 0.9941 
 
It must be noticed that the trend of each peak is different, both for the solute and for the 
solvent ones. An equal decrease of temperature generates different changes in intensity for 
different peaks and while for the solvent the best correlation is linear, for the solute peaks 
it is logarithmic.  
 
Figure 4.20: Multivariate calibration approach to study the effect of temperature on the Raman spectra: 
calculated temperatures versus actual.  
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Thus, considering the peaks ratio to compensate the temperature effect can lead to an error 
in the calibration. A multivariate approach was also used with PCR and 4 components. The 
1st derivative was calculated and a Norris derivative filter was applied to the data (segment 
length of 7 and gap between segments of 5) in the region 1066-166 cm-1. Temperature was 
chosen as the variable to be inferred by the spectra, and the resulting function has a 
correlation coefficient R2=0.9999 (see Figure 4.20). Similarly to the solid concentration 
effect, a multivariate regression can capture the variation of Raman spectra due to the 
change in temperature with reasonable precision although the system appears to be non-
linear using a univariate approach. 
4.3.5 Calibration of Raman for solid dry mixtures of form I and II 
This set of experiments is necessary to confirm that Raman can effectively discriminate 
between the two polymorphic forms of OABA. A preliminary attempt with solid mixtures 
should always be done, even if the desired calibration function is in a specific solvent. As 
described in the previous chapter two characteristic Raman peaks in the region 817-786 
(peak 1) and 786-755 (peak 2) cm-1 are present in both forms but peak 1 is the most intense 
for form I while for form II peak 2 is the strongest. Form I also presents strong 
characteristic peaks at 1038 cm-1 and 950 cm-1. The most significant effect on the 
accuracy of a calibration model for solid powders is given by the non-homogeneity of the 
mixtures and the width of the spot area of the measuring probe. A specific procedure 
described in the methodology section of this chapter was used in order to minimize the 
effect of bad mixing. A comparison with a NIR optical probe was performed using the 
same samples and measuring procedure. Both NIR and Raman can discriminate form I and 
II of OABA but the two probes have different spot areas (a diameter of 100 microns for 
Raman and 1 cm for the NIR probe). A larger spot area can capture a larger amount of 
sample so that non homogeneities in the sample have less effect on the measurement. The 
Thermo Scientific software TQ Analyst was used to pre-process the data and perform both 
PC and PLS regression. Results are shown in the Table 4.8 and Table 4.9. NIR seems to 
give a smaller error (RMSEC) with both type of regression. The RMSEPs of PLSR and 
PCR for both probes are comparable but PLSR needs a smaller number of components. To 
deeply investigate the effect of non-homogeneity on the model the 5th measurement for the 
sample at 75% of form II was performed 7 times instead of three. The position of the probe 
was changed every time following a clockwise trajectory over the sample. For the same 
Chapter 4: Application of quantitative Raman spectroscopy for the monitoring 
of polymorphic transformation in crystallization processes using a good 
calibration practice (GCP) procedure 
90 
_______________________________________________________________________________________ 
_______________________________________________________________________________ 
Application of process analytical technology (PAT) tools for the better understanding and 
control of the crystallization of polymorphic and impure systems 
sample, varying the position of the probe causes a variation of the calculated value of form 
II content using PCR of around +5%. Using the NIR with the same sample the variation is 
only +1.4%. This means that the precision of the Raman calibration model could be 
improved using an optical probe with a bigger spot area.  
 
Table 4.8: Optimized parameter used for a multivariate calibration with NIR and Raman for dry solid mixtures 
of OABA form I and II 
Probe Region Pre-processing techniques PLS factors PCR components 
NIR 4300-10000 nm 2nd derivative, Norris filter (5,5), SNV 4 5 
Raman 200-1700 cm-1 2nd derivative, Norris filter (5,5), SNV 2 5 
 
Table 4.9: Results of a multivariate calibration with NIR and Raman for dry solid mixtures of OABA form I and 
II 
Probe R2 PLS R2 PCR 
RMSEC 
PLS 
RMSEC 
PCR 
RMSEP 
PLS 
RMSEP PCR 
NIR 0.9997 0.9998 0.584% 0.497% 0.634% 0.567% 
Raman 0.9892 0.9894 3.74% 1.98% 3.24% 4.11% 
 
However, considering that the Raman probe’s spot area is 100 times smaller than for the 
NIR but the error is only 4 times higher it can be affirmed that the Raman calibration 
model works better in evaluating the composition of form I and II solid mixtures of OABA. 
4.3.6 Calibration in solution 
To build a good calibration model that can be used during a cooling crystallization a set of 
experiments must be carefully planned in order to include all the parameters that can affect 
the Raman spectra during the process itself. Therefore the following parameter should be 
considered during calibration: (i) temperature/solute concentration, (ii) suspension density, 
(iii) ratio of form II and I. As shown in the previous sections of this chapter solute 
concentration, solid density and polymorphic ratio are the parameters that can strongly 
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affect the Raman spectrum and also change during a cooling crystallization of a 
polymorphic compound. A set of calibration experiments that considered all these factors 
was developed using the Box-Behnken design of experiments. Second derivative (with a 
2nd order polynomial and 25 points window smoothing) was applied to the calibration 
spectra together with autoscaling. Multivariate PLSR and PCR were both investigated 
considering all the samples. K-fold cross validation was performed to choose the correct 
number of components or factors, as the one that minimizes the root mean square error of 
cross validation (RMSECV). It was also noticed that using the concentration of form II 
instead of the polymorphic ratio gives better results. This is probably due to the strong 
dependence of Raman spectroscopy on solid concentration. Two spectra at the same 
polymorphic ratio but different solid concentration are usually very different and the 
model cannot predict the polymorphic ratio correctly. Figure 4.21 shows the PLSR and 
PCR multivariate calibration and prediction points and Table 4.10 shows the numerical 
results. 
 
 
PLS regression works better than PCR in predicting the concentration of form II although 
the number of factors used is 8 instead of 6. It must be noticed that because the design of 
experiments (DoE) was applied considering polymorphic ratio instead of concentration of 
form II, some calibration points are missing at high concentrations. Therefore two 
additional experiments (with the conditions shown in Table 4.11) were performed to 
improve the reliability of the calibration model. 
Figure 4.21: PLSR and PCR calibration and validation concentrations of form II with data obtained from the 
DoE. 
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Table 4.10: PCR and PLSR comparison for the DoE experiments only. The calculations were performed in 
Matlab 
Technique Region Factors/components R2 
RMSEC 
(g/100g 
solvent) 
RMSEP 
(g/100g 
solvent) 
PLS 500-3400 cm-1 8 0.9990 0.0185 0.0436 
PCR 500-3400 cm-1 6 0.9589 0.1200 0.0611 
 
The results with the new calibration points are shown in Table 4.12. Adding the two new 
points does not considerably affect the correlation coefficient. However, the root mean 
squared error of both calibration and validation are different. The error on calibration is 
higher but the one on prediction is lower. Compared to the first set of data the two errors of 
prediction and validation are very similar to each other, which is typical of good 
calibrations. 
Table 4.11: Conditions of the additional two calibration experiments 
Experiment 
Temperature 
(°C) 
Polymorphic ratio 
(%) 
Total solid for 100g 
solvent (g) 
16 25 50 1 
17 40 100 1.2 
 
Table 4.12: PCR and PLS comparison for the DoE experiments plus two additional calibration samples 
Technique Region Factors/components R2 
RMSEC 
(g/100g 
solvent) 
RMSEP 
(g/100g 
solvent) 
PLS 500-3400 cm-1 8 0.9987 0.0253 0.0258 
PCR 500-3400 cm-1 6 0.9650 0.1333 0.059 
 
Temperature and solid density were tentatively added to the input matrix together with the 
spectra but the prediction and calibration error did not improve significantly. This means 
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that the calibration experiments were performed in an optimized way that takes into 
account possible factors that affect the spectra. 
 
4.4 Conclusions 
The systematic investigation and results presented in this paper represent basis of the 
proposed “Good Calibration Practise Procedure” (GCPP) framework for quantitative 
analysis of polymorphic mixtures using Raman spectroscopy. The quantification of 
polymorphic purity during a cooling crystallization is very important to guarantee the 
required chemical-physical properties of the final product. In fact, for example, the 
presence of an unwanted polymorph in a drug tablet can have a dramatic effect on the 
solubility and dissolution rate of the API and, therefore, on the efficacy and safety on the 
patient. Since most APIs are produced by cooling crystallization a good calibration 
strategy for polymorphic form quantification was designed for this type of process. The 
parameters that can change during a cooling crystallization were identified and analysed 
systematically. In particular, the effect of crystal size, temperature, solute and solid 
concentration on Raman spectra were studied and used to design a set of calibration 
experiment for the quantification of polymorphic purity of OABA in slurry.  
Solute and solid concentration were found to strongly affect Raman spectra while crystal 
size and temperature cause only minor changes. Additionally, it was found that, because of 
the strong effect of solid density on the Raman signal, the estimation of the solid 
concentration of the metastable form is more accurate than the estimation of the 
polymorphic ratio of the solid phase.  
The GCPP proposed in this chapter is very general and can be applied to any other 
spectroscopic technique and process; its key points are:  
1) Identification of the parameters that can vary during the process of interest; 
2) Study of the effect of the identified parameters on the selected spectroscopic 
technique; 
3) Determination of calibration experiments by design of experiment (DoE) using the 
most influencing parameters. 
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5 Quantitative application of Raman, UV, NIR and mid-IR 
spectroscopy with FBRM in monitoring polymorphic 
transformations: comparison and integration of signals 
 
In this chapter several spectroscopic techniques are analysed, calibrated and compared 
for the quantitative estimation of solute concentration and polymorphic ratio of a slurry 
during a cooling crystallization process. A general experimental procedure is described as 
well as the chemometrics techniques used for the data manipulation. 
 
5.1 Introduction 
Raman, UV, NIR and IR spectroscopy are commonly used techniques to monitor solute 
concentration and solid composition during crystallization processes of polymorphic 
compounds. However, a comprehensive study and comparison of the ability of these 
techniques to detect polymorphic transformation in the same system has not been 
performed yet. The aim of this chapter is to provide a comprehensive comparison between 
the most common techniques used for in situ monitoring of polymorphic transformation 
and to explore the application of chemometrics to these different process analytical 
technology (PAT) tools in different stages of a cooling crystallization of a polymorphic 
system. The comparison between the different PAT tools was conducted using different 
physical and mathematical approaches. Chemometrics techniques were exploited to obtain 
quantitative information about the solute concentration and polymorphic ratio. The most 
suitable calibration approach was determined for each technique. Both multivariate and 
univariate approaches were tested as well as different regression techniques such as partial 
least square (PLSR) and principal component regression (PCR). Additionally a novel 
calibration approach that combined information from two PAT tools is proposed. Since the 
Raman signal depends on the solid concentration it is difficult to develop accurate 
calibration models that would predict accurately the polymorphic ratio during 
crystallization when the solid concentration changes significantly. Typically a large 
number of experiments are required to include the effect of this parameter in a calibration 
model. In the proposed approach, solid concentration is included as an additional input. 
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This parameter is obtained from other PAT tools that monitor solution concentration (and 
using a simple mass balance, knowing the initial solute concentration), such as ATR-
UV/Vis. It is shown that the proposed integrated calibration model provides better 
accuracy in predicting the polymorphic ratio with a smaller number of calibration 
experiments than using the Raman signal alone. This approach can lead to faster 
calibration procedure with less material consumption. 
 
5.2 Methodology, materials and Equipment 
The compound used in this chapter is OABA. The transformation studied is the one from 
metastable form II to stable form I in a solution of 90% water and 10% IPA. The Raman 
probe, the ATR-UV/Vis and the two NIR probes (reflectance and transflectance) together 
with the mid-IR probe were used in the experiments. 
5.2.1 Solute concentration calibration 
To determine solute concentration calibration functions with the different probes, four 
solutions of OABA in water and IPA (90/10 w/w) at different concentrations were used: 
10, 20, 30 and 40 °C saturation temperatures. Temperature profiles for each solution are 
shown in Figure 5.1. Temperature and solute concentration are the two main factors that 
can affect spectra in the case of clear solution; hence these two parameters were changed 
during the calibration experiments. Every solution was heated up to dissolve the material 
and then cooled in steps until nucleation. A smaller number of steps was performed for 
diluted solutions since very unlikely, during a crystallization experiment, a solution 
saturated at 10 °C will be kept at 30 or 40 °C. For this set of experiments the FBRM probe 
was also used to check when nucleation happened. It was important to perform the 
calibration experiments in absence of solids in order to know exactly the solute 
concentration. Raman, mid-IR and both the NIR probes were collecting samples every 
minute while UV was taking measurements every 10 seconds. Data were collected and 
processed with Matlab 2013a. The Matlab functions plsregress and pca were used to 
calculate partial least squares and principal components regressions. The best number of 
PLS factors and principal components (PCs) were chosen using k-fold cross validation in 
Matlab: the number of factors that minimize the root mean square error of cross validation 
(RMSECV) was chosen for the calibration models.  
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Figure 5.1: (a): Temperature profile for solute concentration calibration at 40°C saturation temperature. Data are 
taken from complete dissolution of the solids to the nucleation point (FBRM data). (b) Temperature profile for 
solute concentration calibration at 30°C saturation temperature. (c) Temperature profile for solute concentration 
calibration at 10°C saturation temperature. (d) Temperature profile for solute concentration calibration at 10°C 
saturation temperature 
 
This procedure is commonly used to avoid overfitting of the calibration function. 
Increasing the amount of components generates a decrease of the cross validation error as 
a result of an increase in the function’s precision but, if too many components are used, the 
cross validation error will start increasing because of model overfitting. For the UV signal 
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a non-linear calibration function was also determined and tested using the fmincon 
function in Matlab. An external validation was performed using a 40 °C saturation solution. 
The solids were completely dissolved (confirmed using FBRM) and then the temperature 
was decreased in steps until nucleation happened. Measurements were taken during both 
the dissolution and the cooling phase. 
5.2.2 Polymorphic ratio calibration 
Four saturation temperatures were used for these experiments: 10, 20, 30 and 40 °C in 
order to have different solute concentrations and slurry densities (both these factors can 
affect Raman and NIR spectra). The solvent was water and IPA 90/10 w/w. Every 
calibration was conducted at constant temperature changing only the concentration of 
solids in the solution. Four different 400 g solvents were prepared at each different 
temperature. After reaching the set-point temperature each solvent was first saturated with 
OABA form I and held for 20 minutes to ensure complete dissolution (the final 
concentration of each solution are indicated in the first column of Table 5.1). After 
reaching the saturation concentration, additional form I was added to the saturated solution 
in order to create a slurry (the amount of form I in the slurries is shown in the second 
column of Table 5.1 and the calibration measurements started. Form II was added in three 
steps during the measurement in order to have calibration samples at different polymorphic 
ratios for each temperature (25, 50 and 75% of form II). Four additional experiments at 10, 
20, 30 and 40 °C were performed starting with pure form II: the solutions were similarly 
saturated at the decided temperatures and form II was added to create a slurry. The 
conditions used in the calibration experiments are shown in Table 5.1. For each calibration 
sample 10 measurements were taken. Temperature was controlled during all experiments 
and total slurry density was calculated using solubility data from a gravimetric analysis. 
Every experiment was performed in less than an hour to avoid transformation of the 
unstable form II into the stable form I and FBRM was used to monitor whether nucleation 
or growth were happening during the measurements. The probes used in these experiments 
are the ones that could potentially discriminate between the two solid forms of OABA: (1) 
Raman; (2) NIR reflectance; (3) NIR transflectance. Raman and NIR spectra of form I and 
II of OABA are shown and described in Chapter 3 of this thesis.  
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Table 5.1: Composition of the slurries of form I and form II used in the calibration experiments. The total mass of 
solvent was 400 g for each experiment. 
Solubility (g/g 
solvent) 
Temperature 
(°C) 
Form I (g) Form II (g) % Form I % Form II 
0.0032 10 1.11 0 100% 0% 
0.0032 10 1.11 0.42 73% 27% 
0.0032 10 1.11 1.14 49% 51% 
0.0032 10 1.11 3.39 25% 75% 
0.0037 10 0 5.44 0% 100% 
0.005 20 1.21 0 100% 0% 
0.005 20 1.21 0.45 73% 27% 
0.005 20 1.21 1.21 50% 50% 
0.005 20 1.21 3.70 25% 75% 
0.006 20 0 4.59 0% 100% 
0.0082 30 1.31 0 100% 0% 
0.0082 30 1.31 0.53 71% 29% 
0.0082 30 1.31 1.41 48% 52% 
0.0082 30 1.31 4.03 24% 76% 
0.0084 30 0 3.54 0% 100% 
0.0126 40 1.13 0 100% 0% 
0.0126 40 1.13 0.49 70% 30% 
0.0126 40 1.13 1.16 49% 51% 
0.0126 40 1.13 3.32 25% 75% 
0.0137 40 0 3.80 0% 100% 
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In this chapter Matlab 2013a was used to perform PLS and PC regressions in order to 
determine a calibration function that can measure the polymorphic ratio between OABA 
form I and II; the functions plsregress and pca were used for the calculations. K-fold 
crossed validation was chosen to determine the best number of factors and principal 
components as described in the previous section. Derivative, smoothing and autoscaling 
were performed using simple codes developed in Matlab 2013a. 
 
5.3 Results and Discussion 
Different chemometrics techniques and different inputs were investigated in order to 
obtain the best calibration results. The investigation indicates that using additional inputs 
in a multivariate approach other than the spectra (such as temperature or solid density) 
does not change the calibration results under two conditions: (i) the effect of the input on 
spectra is linear and (ii) experiments were conducted correctly including suitable variation 
of the inputs. For the solute concentration, calibrations experiments were designed to 
capture the effect of temperature on the absorbance and the calibration results indicated 
that the addition of temperature in the inputs does not generate any improvement. For the 
calibration for polymorphic content, experiments were not designed to completely cover 
all the factors that can affect Raman and NIR spectra (a good calibration practice 
procedure for Raman spectroscopy is presented in Chapter 4 of this thesis); nevertheless, it 
was still possible to obtain a more accurate calibration model including as input in the 
calculations solid concentration and temperature. If a good experimental plan is used, it is 
not necessary to include additional inputs other than the spectra to obtain an accurate 
calibration function, however this calibration procedure requires a larger number of 
experiments to cover properly the effects of all input parameters. In this work a shorter 
experimental procedure was used that required a smaller number of experiments by using 
an integrated calibration model approach (Wong et al. 2008). For this approach for 
polymorphic form quantification PLS and PC regressions were performed using the 
following integrated calibration model: 
𝐶𝐶𝐹𝐹𝐼𝐼𝐼𝐼 = 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑅𝑅𝑐𝑐𝑅𝑅𝑐𝑐𝑐𝑐 ��𝑆𝑆𝑐𝑐|𝑐𝑐=1,…,𝑁𝑁,𝑇𝑇,𝐶𝐶𝑠𝑠��              (5.1) 
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where 𝐶𝐶𝐹𝐹𝐼𝐼𝐼𝐼  is the concentration (g/g solvent) of form II, 𝑆𝑆𝑐𝑐 with i = 1,…, N is the Raman 
intensity values at N different Raman shifts, T is the temperature and 𝐶𝐶𝑠𝑠  is the solid 
concentration, which is calculated from the ATR-UV/Vis calibration model using the 
following equation: 
𝐶𝐶𝑠𝑠 = 𝐶𝐶0 − 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑈𝑈𝑈𝑈/𝑈𝑈𝑐𝑐𝑠𝑠 ��𝐷𝐷𝑐𝑐|𝑐𝑐=1,…,𝑀𝑀,𝑇𝑇��                                                                            (5.2) 
where  𝐶𝐶0  is the initial solute concentration and 𝐷𝐷𝑐𝑐  are the derivatives of the UV/Vis 
absorbance spectra at i = 1,…, M  wavelength used in the UV/Vis calibration model. The 
combined use of equations (5.1) and (5.2) allows taking the solid concentration into 
account in the Raman calibration model and integrates signals from two different sensors. 
The calculation of 𝐶𝐶𝑠𝑠 allows to determine the amount of form I in slurry by the formula: 
𝐶𝐶𝐹𝐹𝐼𝐼 = 𝐶𝐶𝑠𝑠 − 𝐶𝐶𝐹𝐹𝐼𝐼𝐼𝐼                 (5.3) 
5.3.1 Solute concentration measurements 
Table 5.2 and Table 5.3 report the results for solute concentration calibration for each 
sensor and using different chemometrics techniques. A non-linear calibration function was 
also used for the UV data (choosing two specific derivative peaks), since this technique 
gives a relatively simple calibration equation with a small number of coefficients to 
determine. Root mean square errors of calibration (RMSEC) and of prediction (RMSEP) 
for the external validation are reported in the last two columns of the tables. For each 
probe the region of spectra that contains more information and less noise (narrow and well 
defined peaks) was chosen. Different pre-processing techniques were evaluated but only 
the best results are shown. Using first derivative spectra in the calibration was found to 
improve the results for all the probes. While this technique is commonly used for NIR and 
Raman we found that it can improve also the performance of the ATR-UV/Vis probe. In 
fact, derivative can eliminate baseline effects generated in the ATR-UV/Vis spectrum by 
the solid particles that can reflect part of the signal. Cross validation in Matlab was used to 
determine the best number of factors. Solute concentration is calculated as g of solid/g 
solvent. 
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Table 5.2: Results for PLS calibration of solute concentration with different probes. 
 
From the calibration results it can be inferred that the more suitable probes for measuring 
solute concentration are, in order: UV, Raman, NIR transflectance and then mid-IR. The 
best results were obtained with UV and NIR transflectance using only 10 factors for PLSR. 
Raman needed a larger number of components or factors but the calibration model is as 
accurate as the UV/Vis. Usually, a calibration function is considered good enough if it 
gives similar RMSEC and RMSEP and if the relative prediction error is below 10%. All 
the probes conform to this general standard for PLSR. It is important to emphasize that 
only the calibration models that are developed based on data obtained from instruments 
with ATR probes can be used in the presence of solids because the signal is not strongly 
affected by the particles. For Raman and NIR it is necessary to use another calibration 
model after nucleation happens (and consequently a different calibration approach is 
required). In this case FBRM can be used in combination with NIR and Raman to detect 
the moment in which a switch in the calibration model is needed. For UV a non-linear 
model was also checked but the results are less accurate than both PCR and PLSR 
Probe 
Region 
(cm-1) 
Preprocessing 
PLS 
factors 
R2 PLS 
RMSEC 
PLS (g/g 
solvent) 
RMSEP 
PLS (g/g 
solvent) 
ATR-UV/Vis 
47200-
17000 
Instrument 1st 
derivative 
6 0.99998 5.2×10-6 3.4×10-4 
Raman 450-2700 
Autoscaling, 1st 
derivative (7points, 
3rd order smoothing) 
16 0.9998 5.4×10-5 3.6×10-4 
ATR-mid-IR 900-1600 
Autoscaling, 
1stderivative (7points, 
3rd order smoothing) 
10 0.9976 1.7×10-4 3.6×10-4 
NIR 
transflectance 
5400-
6400 
Autoscaling, 1st 
derivative (13points, 
1st order smoothing) 
10 0.9999 3.4×10-5 2.3×10-4 
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(R2=0.9707, RMSEC=8.2×10-5 g of solid/g solvent, RMSEP=5.5×10-4 g of solid/g solvent). 
The best non-linear function checked was in the form: 
𝐶𝐶 = 𝑝𝑝1𝑇𝑇 + 𝑝𝑝2𝐷𝐷1 + 𝑝𝑝3𝑇𝑇𝐷𝐷1 + 𝑝𝑝4𝐷𝐷2 + 𝑝𝑝5𝑇𝑇𝐷𝐷2 + 𝑝𝑝6           (5.4) 
where 𝑇𝑇 is temperature 𝐷𝐷1 is the first derivative absorbance at 358 nm and 𝐷𝐷2 is the first 
derivative absorbance at 309 nm. The model parameter values 𝑝𝑝i, i = 1,…,6 were estimated 
using a nonlinear optimization technique implemented using the fmincon function in 
Matlab. 
 
Table 5.3: Results for PCR calibration of solute concentration with different probes 
Probe 
Region 
(cm-1) 
Preprocessing 
PCR 
components 
R2 PCR 
RMSEC 
PCR (g/g 
solvent) 
RMSEP 
PCR (g/g 
solvent) 
ATR-UV/Vis 
47200-
17000 
Instrument 1st 
derivative 
9 0.99996 6.4×10-6 2.6×10-4 
Raman 450-2700 
Autoscaling, 1st 
derivative (7points, 
3rd order smoothing) 
9 0.9956 2.3×10-4 3.1×10-3 
ATR-mid-IR 900-1600 
Autoscaling, 1st 
derivative (7points, 
3rd order smoothing) 
10 0.9940 2.7×10-4 1.8×10-3 
NIR 
transflectance 
5400-
6400 
Autoscaling, 1st 
derivative (13points, 
1st order smoothing) 
10 0.9998 4.7×10-5 7.4×10-4 
 
5.3.2 Polymorphic ratio measurement 
Matlab 2013a was used to perform the calibration for the polymorphic ratio. K-fold cross 
validation was used to determine the best number of factors for PLS and PC regression. It 
was found that the best correlation can be obtained not for the calculation of the 
polymorphic ratio but for the concentration of form II (in g of solid/100 g of solvent) 
similarly to what was observed in chapter 4 of this thesis. This can be explained by the fact 
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that both Raman and NIR signals are strongly influenced by the amount of solid in the 
slurry; therefore, similar polymorphic ratios will give different signal in variable solid 
concentrations. This variation can be captured by a calibration model that actually predicts 
the absolute concentration of a certain polymorph in the solid suspension. The 
concentration of the other polymorph can then be computed from a simple mass balance 
knowing the total solid and the solute concentration (which can be measured using another 
probe). Pre-processing and spectral regions of interest were chosen to optimize the results. 
In general NIR reflectance requires more smoothing than transflectance and second order 
derivative is preferable. Raman spectroscopy works better with a first derivative and slight 
smoothing. It was found that Raman gives better results than NIR spectroscopy in 
measuring concentration of OABA form II. The transflectance probe performed better than 
the reflectance but it can be easily affected by fouling. It is worth noting that both the 
transflectance and reflectance probes give good results in aqueous solutions despite the 
strong signal for water in the NIR region. Table 5.4 and Table 5.5 show the different 
results using as inputs only the spectra, spectra and temperature or spectra, temperature 
and slurry density. The pre-processing applied in all cases is exactly the same as well as 
the region chosen for the analysis. Table 5.4 shows the results in case of application of 
partial least square regression while Table 5.5 shows the results with principal components 
regression.  
Table 5.4: Comparison of different regression inputs in PLSR for polymorphic calibration, S=Spectra, 
T=Temperature, ρ=slurry density. Round mean square errors of cross validation (RMSECV) are expressed in g/g 
solvent. 
Probe R2 (S) R2 (S + T) R2 (S+T+ρ) 
RMSECV 
(S) 
RMSECV 
(S+T) 
RMSECV 
(S+T+ρ) 
Raman 0.9659 0.9645 0.9988 0.165 0.160 0.028 
NIR 
transflectance 
0.8376 0.9354 0.9965 0.263 0.206 0.041 
NIR 
reflectance 
0.7906 0.9017 0.9761 0.267 0.238 0.128 
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Table 5.5: Comparison of different regression inputs in PCR for polymorphic calibration, S=Spectra, 
T=Temperature, ρ=slurry density. Round mean square errors of cross validation (RMSECV) are expressed in g/g 
solvent. 
Probe R2 (S) R2 (S + T) R2 (S+T+ρ) 
RMSECV 
(S) 
RMSECV 
(S+T) 
RMSECV 
(S+T+ρ) 
Raman 0.3922 0.3910 0.9748 0.346 0.350 0.074 
NIR 
transflectance 
0.3415 0.3729 0.9204 0.350 0.331 0.075 
NIR reflectance 0.6267 0.6345 0.7796 0.267 0.265 0.206 
 
It can be seen that solid concentration is an important factor for both Raman and NIR, 
while temperature affects more NIR than Raman (including or not the temperature in 
Raman calibration does not change the cross validation error significantly). The results 
also show that PLSR gives better calibration model compared to PCR in all the 
combinations of inputs, but the improvement in the R2 with the addition of the slurry 
density in the input matrix is larger for PCR than PLSR.This is evident in particular for the 
Raman and NIR transflectance probe where the addition of the slurry density in the inputs, 
generates and increase of 149 % in the R2 of the Raman calibration and 147 % in the one 
of NIR. In the case of PLSR, the improvement is only 3.7 % for Raman and 6.5 % for NIR. 
In general, PLSR seems to give good results even with a smaller number of inputs, while 
for PCR, to get an R2 higher than 0.9 it is necessary to include all the available inputs. 
However, the addition of both slurry density and temperature to the input matrix improved 
the quality of the calibration model compared to the use of only spectroscopic data.  
Table 5.6 shows more in detail the pre-processing, region used and number of 
factors/components needed in the best polymorphic calibration performed (considering 
S+T+ρ). With a specific design of experiment for Raman and NIR spectroscopy it is 
possible to determine polymorphic concentration using only spectroscopic data as input (as 
shown in Chapter 4). This kind of calibration approach is more time consuming, it requires 
more material because the more factors are considered in the calibration the more 
experiments are needed. The integrated approach proposed in this chapter, which includes 
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solid concentration in the calibration model obtained from other PAT tools, can save time 
and material required for the calibration model development. 
 
Table 5.6: Results for the best polymorphic calibration model with different probes and techniques (considering 
S+T+ρ). Number of factors or components used is in parentheses. Round mean square errors of calibration and 
cross validation (RMSEC andRMSECV) are expressed in g/g solvent. 
Probe 
Region 
(cm-1) 
Pre 
processing 
R2 
PLS 
R2 
PCR 
RMSEC 
PLS 
RMSEC 
PCR 
RMSECV 
PLS 
RMSECV 
PCR 
Raman 
450-
1700 
Autoscaling, 
1st derivative 
(11 points, 
2nd order 
smoothing) 
1.00 
(14) 
0.98 
(10) 
0.016 0.069 0.028 0.074 
NIR 
transflect
ance 
5400-
6400 
Autoscaling, 
2nd 
derivative 
(11 points, 
2nd order 
smoothing) 
0.97 
(10) 
0.92 
(10) 
0.042 0.126 0.041 0.075 
NIR 
reflectan
ce 
4500-
12000 
Autoscaling, 
2nd 
derivative 
(21 points, 
2nd order 
smoothing) 
0.98 
(13) 
0.78  
(9) 
0.066 0.202 0.128 0.206 
 
5.4 Conclusions 
This chapter provides a comprehensive comparison of spectroscopic techniques used for 
crystallization monitoring. Raman, NIR transflectance, UV and mid-IR were found to give 
reliable results for solute concentration measuring. ATR-UV/Vis and ATR-mid-IR are the 
least sensitive to the presence of solids while the signals of the other probes are 
considerably influenced by solid concentration in the slurry, hence would require different 
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calibration models to be used in clear solution or in the presence of solids. An automated 
approach to switch between the models (e.g. using FBRM signal) could be used in these 
cases. Raman and NIR could both measure polymorphic ratios with the more accurate 
prediction achieved using Raman spectroscopy. Different chemometrics techniques were 
evaluated, but PCR was found not to be suitable for polymorphic ratio measurement (low 
value of R2). With the calibration experimental approach used in this chapter it was 
necessary to include other information to the regression inputs to have accurate results. 
While using a specific design of experiment that includes all factors that affect the 
calibration model, it is possible to determine polymorphic concentration using only 
spectroscopic data as input, this general approach is more time consuming because the 
more factors are considered in the calibration procedure the more experiments are required. 
The integrated approach proposed here, that combines signals from two PAT tools to 
include solid concentration in the calibration model of polymorphic composition, can 
provide accurate calibration faster and with less material required.  
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6 Active polymorphic feedback control of crystallization processes 
using a combined Raman and ATR-UV/Vis spectroscopy approach 
 
The concept of active polymorphic feedback control (APFC) is introduced in this chapter. 
This strategy allows the control of polymorphic during batch cooling crystallization 
processes and involves a combination of Raman and UV/Vis spectroscopy to select and 
then grow the desired polymorph.  
 
6.1 Introduction 
In this chapter a control strategy to quickly obtain crystals of pure stable form of OABA 
was developed. An active polymorphic feedback control (APFC) strategy is proposed, 
based on the use of a combination of Raman and ATR-UV/Vis spectroscopy using a 
hierarchical control implementation. The approach detects the formation of the 
polymorphic mixture and eliminates the metastable form by triggering a controlled 
dissolution cycle, and then allows the growth of the stable form using supersaturation 
control. A calibration-based approach is used to measure the solute concentration for the 
supersaturation control; while for the Raman measurement a calibration-free technique is 
applied based on the identification of a specific peak in the spectrum associated with the 
presence of the metastable form. It is shown that the proposed APFC technique can lead to 
pure polymorphic forms in the case of unseeded crystallization processes where nucleation 
of polymorphic mixtures occurs, or for seeded crystallizations with contaminated seed 
with unwanted polymorph impurity. A simple schematic of the control strategy developed 
is shown in Figure 6.1. The Raman signal is used in the feedback control strategy to detect 
the presence of the polymorph contaminant and the APFC approach automatically triggers 
the dissolution cycle needed for its elimination both in the case of seeded and unseeded 
systems. After the polymorph purity correction step based on Raman signal, 
supersaturation control (with ATR-UV/Vis spectroscopy) is applied to maintain the 
operating curve in the phase diagram between the solubility curves of the stable and 
metastable polymorphs hence avoiding any further contamination with metastable form. 
For the first time, a combination of two PAT tools was used to control polymorphism. In 
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previous works, either only the Raman system was used to detect the formation of the 
unwanted polymorph and restart the crystallization process with a different cooling rate, or 
only ATR-FTIR was used to perform supersaturation control over the metastable 
polymorph. The APFC approach is experimentally evaluated in this chapter using ortho-
aminobenzoic acid (OABA) as the model system.  
 
Figure 6.1: Schematic of the Active Polymorphic Feedback Control (APFC) approach. Raman spectroscopy is 
used to detect the presence of the undesired form (P) using a calibration-free approach; ATR-UV/Vis is used to 
measure the solute concentration (C) and perform SSC using a calibration-based approach to determine the 
setpoint for the temperature controller, Tsp).  
 
In the first part of the experimental work the influence of solvent ratios and cooling rates 
on the formation of polymorphic forms of OABA has been investigated. Changing the 
solvent means changing the interfacial tension between crystals and the liquid phase and 
this may alter which polymorph is formed (Threlfall 2000); rapid cooling rate usually 
favours the formation of the metastable form (which can be the kinetically preferred). The 
results of the preliminary analysis have been used to perform APFC over OABA using 
ATR-UV/Vis data. Raman, FBRM, and PVM were also used to monitor the growth of the 
crystals and the polymorphic forms.  
 
Final product 
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6.2 Methodology, materials and Equipment 
6.2.1 Materials and Equipment  
Ortho-aminobenzoic acid, isopropyl alcohol and ultrapure water were used for the 
experiments of this chapter. Form II of OABA was obtained in laboratory with the 
procedure described in Chapter 4 of this thesis. For the batch experiments the probes used 
were: (1) Raman, (2) FBRM, (3) ATR-UV/Vis and (4) PVM. The APFC was implemented 
using CryPRINS as the operating interface. The solubility curves of the two polymorphs in 
the chosen solvent (10% IPA w/w and water) are shown in equation 6.1 and 6.2. 
Measurements were taken using the spectroscopic method described in Chapter 3 and the 
equations were implemented in CryPRINS to perform supersaturation control: 
𝑆𝑆𝐼𝐼𝐼𝐼 =  1.299 ∙ 10−5𝑇𝑇2 − 2.082 ∙ 10−4𝑇𝑇 + 4.808 ∙ 10−3,            (6.1) 
𝑆𝑆𝐼𝐼 = 1.267 ∙ 10−5𝑇𝑇2 − 2.283 ∙ 10−4𝑇𝑇 + 4.105 ∙ 10−3,           (6.2) 
where 𝑆𝑆𝐼𝐼 is the solubility of form I, 𝑆𝑆𝐼𝐼𝐼𝐼 the solubility of form II in g/g of solvent and 𝑇𝑇 is 
the temperature in Celsius degrees. Experiments were performed using the composite PAT 
array shown in Chapter 3 in a 400 mL vessel: FBRM and PVM were used for monitoring 
and the Raman and ATR-UV/Vis in the APFC approach. 
6.2.2 Effect of solvent ratio 
The effect of solvent ratio on the formation of polymorphs for OABA was studied using 
several solutions of IPA and water. The percentages of IPA analysed are 0, 3, 4, 5, 6, 7, 10, 
15, 20, 40, 60 and 80 w/w % IPA. The solutions were held at a constant temperature of 
40 °C and form I was added in small quantities until saturation point. They were then 
heated to 50 °C and maintained at that temperature for at least 20 minutes to ensure 
complete dissolution of all particles. Finally they were cooled down to 10 °C using a 
cooling rate of -0.5 °C min-1. FBRM was used to detect nucleation. Immediately after 
nucleation the solutions were filtered and the crystals left to dry overnight. The nucleated 
crystals were analysed by microscope and DSC to characterise the presence of a particular 
polymorph.  
6.2.3 Effect of cooling rate and initial concentration 
The effect of cooling rate was studied for two different solutions, one at 10% IPA and 
40 °C saturation temperature and another at 10% IPA and 30 °C saturation temperature. 
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The first solution was prepared and heated up to 20 °C, then OABA form I was added. 
After that, the solution was heated up to 50 °C with a rate of 1 °C/min to dissolve all the 
solids and kept for 30 minutes at that temperature. Then it was cooled down to 10 °C at a 
cooling rate of -1 °C/min. Raman spectroscopy was used to check the polymorphic form 
nucleated and the solution was kept at 10 °C for about 30 minutes. After that time the 
temperature was increased to 50 °C again to re-dissolve the solid. The same solution was 
then cooled down at a cooling rate of -0.5 °C/min and the same procedure was repeated for 
other two different cooling rates (-0.25 and -0.12 °C/min). A different solution at the same 
initial concentration was prepared and OABA added. A similar procedure was repeated 
with that solution but using only one cooling rate (-1 °C/min) as a verification of the 
repeatability of the previous experiments. This second solution was heated up twice at 
different temperatures to make sure that the entire solid was dissolved and then cooled 
down twice to investigate if there is any memory effect in the solution. The third solution 
was prepared at a saturation temperature of 30 °C: the solid were added at the solution at 
ambient temperature and then heated up to 40 °C. When the solids were dissolved the 
temperature was decreased to 10 °C at a cooling rate of -1 °C. After holding the solution at 
10 °C for 30 minutes it was heated up and then successively cooled down to 10 °C at -
0.5 °C/min. Raman, FBRM and ATR-UV/Vis were used simultaneously to check the 
polymorphic form present in solution and to monitor changes in the particle chord length 
distribution and solute concentration. To better identify the polymorphic form nucleated 
second derivative was performed on Raman spectra and two specific peaks, one for the 
stable and the other for the metastable form of OABA were tracked. In particular the peak 
at 770 cm-1 was associated with Form II and the peak at 1038 cm-1 with Form I (Jiang et al. 
2008; Jiang et al. 2010a; Jiang et al. 2010b).  
6.2.4 Supersaturation control experiments 
In this set of experiments mixtures of Form I and II were either seeded or nucleated and 
the APFC based on the combined used of Raman and ATR-UV/Vis was used to eliminate 
the metastable form and then grow the stable one. FBRM and PVM were also used to 
monitor the growth and the shape of the crystals. A simple non-linear function using two 
different wavelengths (𝐴𝐴𝐴𝐴𝐴𝐴1 at 310 nm and 𝐴𝐴𝐴𝐴𝐴𝐴2 at 356.4 nm) was applied to the first 
derivative of the ATR-UV/Vis spectra to calculate and control the solute concentration. 
Equation 6.3 shows the exact formula used: 
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𝐶𝐶 = 3.365 ∙ 10−6𝑇𝑇 + 11.20 𝐴𝐴𝐴𝐴𝐴𝐴1 − 9.051 ∙ 10−2𝐴𝐴𝐴𝐴𝐴𝐴1 ∙ 𝑇𝑇 − 6.055 𝐴𝐴𝐴𝐴𝐴𝐴2 −7.700 ∙ 10−2𝐴𝐴𝐴𝐴𝐴𝐴2 ∙ 𝑇𝑇 − 8.347 ∙ 10−4             (6.3) 
where 𝑇𝑇 is the temperature in °C and 𝐴𝐴𝐴𝐴𝐴𝐴1 and 𝐴𝐴𝐴𝐴𝐴𝐴2 the intensities of the first derivative 
spectra for the chosen wavelengths. The equation was implemented in CryPRINS to 
monitor the solute concentration of OABA and to perform supersaturation control with 
respect to form I. The absolute supersaturation setpoint was chosen to be at 0.0008 g/g 
solvent with respect to the solubility curve of form I. For the Raman signal second 
derivative was performed to eliminate the baseline effect and decrease the effect of 
fluorescence. Two peaks were associated to form I and II of OABA: the peak at 770 cm-1 
was associated to form II and the peak at 1038 cm-1 to form I. Saturated solutions of 
OABA form I at Tsat = 40-45 °C were prepared at ambient temperature and heated up to 
50-55 °C for complete dissolution of the solid. FBRM was used to check that no crystals 
remained in the solution. A cooling profile was then started (-1 °C/min for the seeded 
experiments and -0.5 °C/min for the unseeded) and seeds were added when the operating 
curve reached the solubility curve of form II. A seed mass of 10% of the total solid amount 
was used at two different percentages of form II (about 37% and 60% w/w). Two heating 
rates were also applied +1 °C/min and +0.5 °C/min, to investigate the differences in the in 
situ determined solubility curves with the heating rate and in comparison with the 
thermodynamic solubility. 
 
6.3 Results and discussion 
6.3.1 Effect of solvent ratio 
From this set of experiments it was noticed that water tends to kinetically favour the 
nucleation of the stable form I while in IPA in most of the cases form II nucleated first. A 
more detail study of this phenomenon was performed and is presented in chapter 9 of this 
thesis. Using a percentage between 7-15 % IPA/water the nucleation of mixtures of the 
two forms were observed as shown in Table 6.1. The concomitant nucleation of form I and 
II was also reported in the case of nucleation in ethanol and water solutions (Jiang et al. 
2008). A solution at 10% of IPA in water was used to investigate the effect of cooling rate 
on the nucleation of the polymorphic form. This solvent was chosen since it allows 
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nucleation of both polymorphs and it is, therefore, ideal to prove the concept of the APFC 
strategy. 
Table 6.1: Polymorphic forms obtained at different solvent ratios, based on a joint use of DSC and microscopy 
IPA in water (w/w %) Polymorphic Form Nucleated 
0 Form I 
3 Form I 
4 Form I 
5 Form I (small amount of needles) 
6 Form I (small amount of needles) 
7 Form I ( needles observed) 
10 Mixture 
15 Form II (trace amounts of prisms under 
microscope) 
20 Form II 
40 Form II 
60 Form II 
80 Form II 
 
6.3.2 Effect of cooling rate 
The solute concentration was monitored using ATR-UV/Vis during the experiments. 
Furthermore, PVM and Raman were used to check the polymorphic form nucleated and 
FBRM to monitor nucleation events. Two different solutions at the same concentration 
were used but the results are very different as shown in Table 6.2.  
Table 6.2: Polymorphic forms obtained from the solutions used in the experiments during the cooling 
crystallization at different cooling rates (n.p. = not performed) 
Cooling rate 
(°C/min) 
Polymorphic form 
nucleated from     
solution 1 (Tsat=40°C) 
Polymorphic form 
nucleated from 
solution 2 (Tsat=40°C) 
Polymorphic form 
nucleated from 
solution 3 (Tsat=30°C) 
-0.12 Form II n.p. n.p. 
-0.25 Form II n.p. n.p. 
-0.5 Form II n.p. Form I 
-1 Form II Mixture Form I 
Chapter 6: Active polymorphic feedback control of crystallization processes 
using a combined Raman and ATR-UV/Vis spectroscopy approach 
113 
_________________________________________________________________________ 
_______________________________________________________________________________ 
Application of process analytical technology (PAT) tools for the better understanding and 
control of the crystallization of polymorphic and impure systems 
Solution 1 was heated up and then cooled down four times at different cooling rates but 
Raman spectra report only the presence of form II in the nucleated crystals. For solution 2 
instead, using the highest cooling rate a mixture of the two polymorphs was nucleated. The 
experiment was repeated and the dissolution temperature was increased during the second 
cycle to make sure that the entire solid was dissolved in the solution. A mixture was 
nucleated the second time, too. This indicates that under certain crystallization conditions 
(e.g. solvent composition and initial concentration) it is possible to have considerable 
variation in the polymorphic composition of the nucleated crystals (from pure form of one 
or the other or mixtures of different compositions), hence a direct feedback control in these 
cases is necessary to achieve consistency in product quality. A more detail study of the 
effect of solvent in the polymorphism of OABA is shown in Chapter 9 and 10 of this thesis. 
Figure 6.2a shows the Raman, ATR-UV/Vis and FBRM signals for solution 1 together 
with the temperature profile. The nucleation of form II only is clear from the Raman signal. 
During the nucleation of form II, only the signal for the peak at 770 cm-1 increased quickly 
while the signal for the peak at 1038 cm-1 tends to slightly decrease. PVM confirmed the 
presence of needle like crystals of form II. Interestingly the signal at 1038 cm-1 
(corresponding to form I) shows a little increase just before nucleation and then a decrease, 
when the actual nucleation of form II occurs (which is also indicated by the FBRM at a 
similar time). This behaviour is not present if both form I and II nucleate at the same time 
as in the case of solution 2 (see Figure 6.2b) or if only form I nucleates as shown in Figure 
6.2c for solution 3. This observation seems to indicate that the Raman signal may 
potentially be able to provide pre-nucleation information that might be correlated with the 
nucleation mechanism of a particular polymorph or provide an early indication if one or 
another polymorph is likely to nucleate. The analysis of this pre-nucleation signal variation 
however requires further investigations. In the case of the nucleation of a mixture the two 
signals both quickly increase as solids appear in solution (Figure 6.2b), while if only form 
I nucleates the peak at 1038 cm-1 is the only one which increase in intensity (Figure 6.2c). 
When both forms nucleate together (Figure 6.2b) it can be observed that after nucleation 
the metastable form II transforms entirely into the more stable form I (the form II peak 
decreases while the form I peak continues to increase). The same transformation can also 
be observed in the case of solution 1 for the slowest cooling rate. In the other experiments 
when only form II nucleated using faster cooling rates (Figure 6.2a) no transformation was 
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observed within the time period before heating started to dissolve the formed form II 
crystals.  
 
Figure 6.2: Results for the cooling rate effect on (a) solution 1; (b) solution 2 and (c) solution 3. The graphs show 
the Raman intensities of the specific peaks of form I and II, the total counts from FBRM and the temperature 
profile. Second derivative was applied for all the Raman spectra in the three experiments. In experiment 2 
autoscaling was also performed on Raman spectra in order to eliminate the effect of fluorescence and have a 
better signal. 
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As expected these results appear to indicate that the transformation of form II into form I is 
faster when form I crystals are present in the solution, as it is the case when a mixture 
nucleates (Figure 6.2b). As expected no transformation is observed when only the more 
stable form I nucleates (Figure 6.2c). A further proof of the nucleation of form II only in 
solution 1 is given by the solute concentration trends during the heating phases, which 
generally follow the solubility curve of form II in all the intermediate heating steps as 
shown in Figure 6.3a, b and c. The heating profile for the third heating step (Figure 6.3c) is 
somewhat different from the other two, as the first part of the solute concentration profile 
does not exactly follow the solubility of form II but seems to be in the middle between the 
solubility curves of form I and II.  
 
 
 
Figure 6.3: Operating curves in the phase diagram during the experiment with solution 1. (a) segment 1-2 heating 
of a slurry of form 1, segment 2-3 cooling down at -1 °C/min, 3-4 nucleation and growth of form II, 4-5 heating of 
the resulted slurry of form II; (b) segment 1-2 second cooling down at -0.5 °C/min, 3-4 nucleation and growth of 
form II, 3-4 heating up of form II (c) segment 1-2 cooling down at -0.25 °C/min, 2-3 nucleation and growth, 3-4 
heating up. 
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After a while the concentration increases and starts to follow the solubility of form II in 
accordance with the Raman data that shows nucleation of form II only. The behaviour in 
the first part of the heating step can be an artefact of the UV system, as it does not match 
completely with the information given by the Raman system, which is the most sensitive 
to polymorphic changes. This concentration difference indicated by the UV may be caused 
by a drift in the UV signal as this was the last of a series of long experiments. It can also 
be noticed that in the second and third heating steps (Figure 6.3b and c) the concentration 
diverged from the solubility curve of form II at higher temperatures compared to the first 
heating step (Figure 6.3a). This is due to the fact that the nucleated crystals are larger in 
size than those used in the first run. Larger crystals dissolve slower compared to fines; as a 
result, the solution does not perfectly follow the solubility curve during the heating phase 
with a relatively fast heating rate and after the smaller particles had dissolved. This 
divergence is even larger for the third heating stage, since the crystallization before that 
step was conducted at an even slower cooling rate. Generally the slower the cooling rate 
used, the larger the crystals will be at the end of the batch, hence they will dissolve slower 
during a subsequent continuous heating phase of the slurry. The larger and fewer crystals 
are present in the slurry the more the operating curve diverges from the equilibrium 
solubility curve. If a mixture nucleates, as in the case of solution 2 (see Figure 6.3b) both 
Raman signals, peaks values at 770 cm-1 and 1038 cm-1, increase due to the presence of 
both polymorphic forms.  
 
Figure 6.4: Peak at 770 cm-1 for clear solution, form I only, a mixture of form II and form I and the clear solution. 
Second derivative spectra. 
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The signal of form II increased together with the one of form I and then decreased as 
transformation happened. The specific behaviour of the two analysed peaks can be used as 
a calibration-free measurement in a polymorphic control strategy that detects and 
eliminates impurities of form II and facilitates the growth of form I. This is achieved by 
initiating controlled dissolution cycles, when and for as long as necessary to complete 
dissolution of form II, based on the selective monitoring of the corresponding Raman peak; 
thus without having to wait for the complete polymorphic transformation to occur (which 
may be longer than the typical batch times). The different spectra (2nd derivative) obtained 
during a transformation experiment (slurry of pure form I, slurry of form II and I and 
solution) in the region between 765 cm-1 and 745 cm-1 are shown in Figure 6.4. The peak 
at 770 cm-1 has a very high intensity when form II is present in the slurry. However, it is 
still present in clear solution and in slurries of form I, but at lower intensity and slightly 
shifted. It is possible to distinguish nucleation of pure form I from pure form II looking at 
the intensity and relative position of this peak after nucleation. If only form I nucleates, the 
peak slightly shifts but does not change in intensity. In the case of nucleation of form II, 
even in small amount, the peak shifts and increases in intensity. The change in intensity of 
the peak at 770 cm-1 can be used to detect form II in the slurry and to control its dissolution. 
This free-calibration method requires a good understanding of the characteristic Raman 
shifts of the particular system but it is very easy to implement in a control strategy. 
6.3.3 Active polymorphic feedback control (APFC) experiment based on combined 
Raman measurement and supersaturation control 
As shown in the previous sections the nucleation of the undesired OABA metastable form 
or of a mixture of the two forms can often happen in 10% IPA and water. In this section a 
control strategy is proposed that is able to eliminate the metastable form (which may be 
present due to co-nucleation or in contaminated seeds) and promote the growth of the 
stable form. Both seeded and unseeded crystallization experiments were conducted. The 
active polymorphic feedback control (APFC) uses the Raman signal to detect the presence 
of form II after seeding or nucleation. As soon as the Raman detects the undesired form, 
the APFC triggers a heating cycle to dissolve it. A controlled dissolution is applied based 
on the Raman signal since, because form II is more soluble than form I, there is no reason 
to dissolve all the solids nucleated or seeded as the metastable form will finish dissolving 
before the stable one. Two different predetermined heating rates were evaluated, as shown 
in Table 6.3. 
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Table 6.3: Experimental conditions of the APFC experiments. The method of crystallization is reported (seeded or 
unseeded), together with the polymorphic ratio and the heating rate used 
Experiment Initial OABA 
concentration 
(g/g solvent) 
Seeds amount 
(% of initial 
solute in g) 
Form II 
in the 
seeds (%) 
Heating 
rate 
(°C/min) 
Final product and 
techniques used to 
detect the polymorphic 
form 
Mixture 
seeding 1 
0.015 10 37 1 Form I (Raman 
spectroscopy, optical 
microscopy, XRD, DSC) 
Mixture 
seeding 2 
0.016 6 58 1 Form I (Raman 
spectroscopy, optical 
microscopy, XRD, DSC) 
Mixture 
seeding 3 
0.015 10 60 0.5 Form I (Raman 
spectroscopy, optical 
microscopy, XRD, DSC) 
Unseeded 0.017 n.a. n.a. 0.5 Form I (Raman 
spectroscopy, optical 
microscopy, XRD, DSC) 
 
After the complete dissolution of form II, which can be detected by the Raman, the APFC 
switches to a supersaturation control approach that will maintain the operating curve 
between the solubility curves hence making further contamination of the crystals with the 
metastable form impossible, allowing the remain stable crystals only to grow. The 
approach is implemented by the control systems in CryPRINS using ATR-UV/Vis for 
concentration measurement. The conditions of the different experiments are reported in 
Table 6.3. The final form of the product was checked on the dried samples using DSC, 
XRD, optical microscopy and Raman microscopy for all the final samples of each 
experiment. Results were compared with the data reported in the literature confirming the 
presence of form I only in the samples (Jiang et al. 2008; Jiang et al. 2010a; Jiang et al. 
2010b). In the presentation of the results (Figure 6.5, Figure 6.6, Figure 6.7 and Figure 6.8), 
for each experiment, only the result from one technique was shown in the figures for more 
clarity. However, all the techniques were in agreement with each other for all the samples.  
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Figure 6.5 shows the results for the experiment when a seed consisting of a mixture of 
form I and II (simulating a contaminated seed). The initial raw material introduced in the 
system was form I. After complete dissolution the solution is cooled to just above the 
solubility of form II, so that the system was supersaturated with respect to both 
polymorphs. At the moment of seeding with the seed mixture, the total counts/s as well as 
both Raman signals (for form I and II) increases.  
 
Figure 6.5: Results of the APFC experiment 1 in the case of seeded crystallization, using as seed a mixture of form 
I and II crystals (~37 % form II) and heating rate of 1°C/min: (a) time evolution of temperature, concentration, 
Raman signals for form I and II and total counts/s from FBRM; (b) operating curve in the phase diagram; and (c) 
DSC results for the final dried solid product heated from 40 °C to 180 °C at a rate of 5 °C/min. 
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supersaturation for form I). As soon as Raman detected form II the APFC switched from 
cooling to heating. The heating continued until the Raman signal of form II stabilized at 
the same level as in the solution (which means complete dissolution of form II as shown in 
the previous sections) and then the control strategy switched to automatic supersaturation 
control with a setpoint between the solubility curves of the two forms. The supersaturation 
control approach in CryPRINS automatically calculates the temperature profile needed in 
order to maintain a constant level of supersaturation. With the amount of seed used (with 
~37% of form II) and a rapid heating rate of +1 °C/min the temperature increased from 
31 °C to 39 °C to completely dissolve form II. The small change in intensity for the Raman 
signal of form II after the dissolution cycle is due to changes in solute concentration during 
the supersaturation control step. The DSC analysis reported in Figure 6.5c shows the 
transition peak from the stable form to the metastable, which is typical of OABA form I. 
Form I continued nucleating after the supersaturation control was started as shown by both 
the total counts/s and the Raman signal for form I (Figure 6.5a). Since the solution was 
maintained undersaturated with respect to form II, this form did not nucleate again after 
the dissolution, thus a single cycle was enough to yield final product of pure form I. 
Figure 6.6 shows the results obtained from a second seeded experiment with a higher 
amount of metastable form II in the seed (~58 %) than in the previous case. Using the 
same heating rate of +1 °C/min as before, the temperature increased from 32 °C to 44 °C 
to dissolve completely form II. Since more dissolution time was needed to dissolve the 
larger amount of form II in the seed, and the heating rate was relatively fast, the system 
reached a higher temperature at the end of the dissolution cycle causing also the 
concomitant dissolution of more form I during the heating phase. Because a higher amount 
of the seed introduced was dissolved in this case, at the end of the heating phase the 
amount of form I crystals was lower, and the concentration of the solution actually 
increased above the initial solution concentration (Figure 6.6b). After the dissolution cycle 
the supersaturation control started and the trends of the total counts/s and Raman signals 
are similar as in the previous run and pure form I was obtained at the end (as shown in the 
microscopic images shown in Figure 6.6c). The duration of the supersaturation controlled 
phase of the experiment is much shorter in this case (70 min versus about 2 hours in the 
other two experiments conducted), since the initial concentration and initial temperature 
were considerably higher for this run favouring higher growth rate. 
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Figure 6.7 shows the APFC results for Experiment 3 using again seed with higher amount 
of metastable form II (~60 %) but with a slower heating rate of 0.5 °C/min during the 
dissolution phase. In this case the temperature increased from 32 to only 39 °C (Figure 
6.7b) as opposed to 44 °C as in the previous run; hence less form I dissolved during the 
heating phase, resulting in a smaller concentration increase than experiment 2. Similarly as 
in the other two experiments the Raman signal indicates complete dissolution of form II 
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Figure 6.6: Results of the APFC experiment 2, in the case of seeded crystallization, using as seed a mixture of form I 
and II crystals with higher amount of form II (~58 % form II) and heating rate of 1 °C/min: (a) time evolution of 
temperature, concentration, Raman signals for form I and II and total counts/s from FBRM; (b) operating curve in 
the phase diagram; and (c) microscope image of the resulted dried crystals indicating only the presence of form I 
with no trace of needle-shaped form II crystals in the product. 
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and the continuous increase in the amount of form I during the supersaturation control 
phase (Figure 6.7a). The XRD analysis of the dry sample of the product confirmed pure 
form I (Figure 6.7c). When the contamination level is lower the approach is expected to 
work even better, with less amount of concomitant dissolution of the desired form.  
 
These three experiments evaluated the performance of the APFC approach for seeded 
crystallization in the case of contaminated seed with different but significant levels of 
polymorphic impurity. The results show that even in the case when the majority of the 
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Figure 6.7: Results of the APFC in experiment 3, in the case of seeded crystallization, using as seed a mixture of 
form I and II crystals with higher amount of form II (~60 % form II) and lower heating rate (0.5°C/min): (a) time 
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operating curve in the phase diagram; and (c)  XRD results for the final dried solid material confirming that the 
product is pure form I. 
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seed is the unwanted polymorph this can be selectively dissolved without entirely 
dissolving the stable form too, since the metastable form has higher solubility. An 
unseeded experiment was also performed in which a mixture of polymorphs nucleated 
from a solution with a saturation temperature of 45 °C. A cooling rate of -0.5 °C/min was 
used for which the onset of nucleation occurred 45 min after the experiment started, at a 
temperature around 35 °C (Figure 6.8).  
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Figure 6.8: Results of the APFC approach applied in the case of an unseeded experiment: (a) time evolution of 
temperature, concentration, Raman signals for form I and II and total counts/s from FBRM; (b) operating curve 
in the phase diagram;  and (c) Raman spectrum for the final dried solid material confirming pure form I. 
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Cooling continued and the heating phase was started as soon as the Raman signal of the 
tracked peak for form II (770 cm-1) increased above the reference level which is the 
intensity of the peak in clear solution. The dissolution cycle started when the solution 
temperature was about 31 °C. The heating rate was +0.5 °C/min and the final temperature 
to complete the dissolution of form II (as indicated by the Raman) was 36 °C. In this case 
the counts/s remained above 1000 #/sec during the entire heating phase and increased 
further during the supersaturation control (Figure 6.8a). Although the supersaturation 
setpoint was reduced from 0.0008 g/g solvent to 0.0004 g/g solvent, the experiment lasted 
only about one hour since, due to the larger solid concentration in the system, the 
supersaturation was depleted faster than in the case of the seeded experiments with lower 
solid concentration (typically well below 1000 counts/s as indicated in all those cases 
during the initial phase). Similarly, to all the other experiments the use of the 
supersaturation control enabled to maintain the operating trajectory between the solubility 
curves of the two forms hence no subsequent nucleation/formation of form II was possible 
(Figure 6.8b). Therefore, again, only a single controlled dissolution cycle (Figure 6.8b), 
triggered and designed adaptively by the APFC approach was sufficient to eliminate the 
metastable polymorph, confirmed by Raman microscopy analysis of the dry product 
sample (Figure 6.8c). Note that the APFC approach is able to determine automatically 
when dissolution has to start and stop to eliminate the metastable contaminant adapting the 
dissolution cycle to the composition of the polymorphic mixture resulting from the 
nucleation or contaminated seed. Furthermore, although the APFC approach here was 
presented for experiments where the aim was the formation of pure stable polymorph, the 
approach can be applied also when the aim is to achieve a polymorph mixture with desired 
polymorph composition. 
 
6.4 Conclusions 
An active polymorphic feedback control (APFC) strategy is proposed to control the 
polymorphic purity during batch crystallizations using a combination of feedback control 
techniques based on Raman and ATR-UV/Vis signals. The strategy consists in using a 
combination of calibration-free Raman technique and calibration-based supersaturation 
control using ATR-UV/Vis for concentration measurement. The Raman signal is used to 
identify the presence of the undesired polymorphic form and to trigger its controlled and 
complete dissolution. This is followed by a supersaturation control phase, based on a 
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calibrated ATR-UV/Vis signal that maintains the operating curve in the phase diagram 
where the formation of the undesired polymorph is not possible. The approach can be 
applied in the case of seeded or unseeded crystallizations when the polymorphic mixture 
may result from concomitant nucleation of the polymorphs or from contaminated seed. 
The APFC approach based on the combined Raman and ATR-UV/Vis control strategy was 
successfully used to produce pure form I of OABA in batch crystallization experiments. 
For the detailed investigation of the robustness of the APFC approach different 
experiments were performed using both seeded or unseeded crystallizations, and varying 
the amount of form I and II at the moment of seeding/nucleation as well as the heating rate 
used for the controlled dissolution cycle. The APFC adaptively determines the dissolution 
cycle required for the elimination of the unwanted polymorph. It was found that the more 
form II is present at the moment of nucleation the higher is the temperature that will be 
reached in order to dissolve it all. A slow cooling rate reduces the final heating 
temperature and the dissolution of the stable form. The duration of the superstation 
controlled phase also strongly depends on the final temperature after that phase. The 
proposed APFC approach is a highly robust adaptive control strategy that can eliminate 
batch-to-batch variations in the polymorphic purity of crystalline products that may be 
caused due to variations in the nucleation composition or from varying polymorphic 
impurity in the seed (e.g. resulting from previous batch or downstream processing such as 
milling or drying). While the approach was demonstrated for the production and control of 
pure polymorphic form, it can also be used when a product with a desired polymorph 
mixture composition is desired.  
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7 Systematic model identification for the active polymorphic feedback 
control of crystallization processes 
 
A model-based active polymorphic feedback control (APFC) is presented in this chapter. 
The kinetics parameters of ortho-aminobenzoic acid (OABA) are estimated with a series of 
systematic experiments and then applied to model and optimize the APFC using the 
population balance equations solved with the method of moments. 
 
7.1 Introduction 
The active polymorphic feedback control (APFC) strategy is based on the use of a 
combination of Raman and ATR-UV/Vis spectroscopy: the approach detects the formation 
of a polymorphic mixture and eliminates the metastable form by triggering a controlled 
dissolution cycle, and allowing the growth of the stable form using supersaturation control 
(see chapter 6 of this thesis). The APFC was found to be effective in obtaining the desired 
form of the studied compound (ortho-aminobenzoic acid) but little or no control was 
performed on the final size of the crystals. In fact, during the experiments performed, a 
partial dissolution of the desired form together with the elimination of the undesired form 
was observed: it is not clear if this partial dissolution of the stable form leads to its larger 
final crystal size distribution or not. A model based approach can help to understand if the 
initial dissolution cycle improves or worsens the final size of the crystals of the stable form 
and how the temperature profile could be optimized in order to maximize it. 
The aim of this work is to determine the kinetic parameters of the growth and polymorphic 
transformation of ortho-aminobenzoic acid through properly designed experiments and 
then simulate and optimize the process. Parameter estimation and modelling of 
polymorphic transformation has rarely been performed because of the complexity of the 
phenomenon (see Literature Review chapter of this thesis). The parameters necessary to 
define and model the APFC of ortho-aminobenzoic acid are: 
• Dissolution kinetics for both form I and II, 
• Growth kinetics for both forms, 
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• Secondary nucleation of the stable form I (during transformation and after 
seeding far from the solubility curve) 
The estimated parameters will be then validated and applied to an optimization problem in 
order to better understand the effect of the dissolution cycle generated by the APFC on the 
final crystal size distribution of form I. 
7.2 Methodology, materials and Equipment 
The model compound used for the experiments is OABA and the transformation studied is 
the one from metastable form II to stable form I in a solution of 90% water and 10% IPA. 
Experiments were performed in the jacketed vessel described in the methodology chapter 
using the Raman immersion probe for the polymorphic composition determination and the 
ATR-UV/Vis probe to measure the solute concentration. A Malvern Mastersizer 2000 was 
used to determine the crystal size distribution at the beginning and during the experiments 
for most of the samples. The mean and the standard deviation of the crystal size 
distribution obtained from the Mastersizer, were used to calculate a Gaussian curve that 
approximate the experimental data. The moments were calculated based on that curve. A 
previously developed (Chapter 5 and 6) calibration model was used to determine solute 
concentration from ATR-UV/Vis while specific Raman peaks for form I and II were 
tracked during the experiments to estimate the rate of transformation. The initial seeds 
were analysed with a Raman microscope (DXR Raman, Thermofisher) in order to check 
their purity. 
7.2.1 Population balance model and solution 
Population balance equations can be used to predict and simulate polymorphic 
transformations considering one system of equations for each polymorph. Three main 
mechanisms must be considered during the transformation: nucleation and growth of the 
more stable form and the dissolution of the less stable polymorph. In the APFC also 
dissolution of form I must also be considered and estimated. Indicating with the index II 
the parameters of the metastable form of OABA, and with I the ones of the stable one the 
PBEs for the studied system, considering only one dimension, are: 
𝜕𝜕𝑓𝑓𝐼𝐼𝐼𝐼
𝜕𝜕𝜕𝜕
= 𝜕𝜕(𝐷𝐷𝐼𝐼𝐼𝐼𝑓𝑓𝐼𝐼𝐼𝐼)
𝜕𝜕𝜕𝜕
 𝑖𝑖𝑖𝑖 𝑐𝑐𝐼𝐼𝐼𝐼 < 𝑐𝑐𝑠𝑠𝑠𝑠𝜕𝜕,𝐼𝐼𝐼𝐼               (7.1) 
for dissolution of form II, 
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𝜕𝜕𝑓𝑓𝐼𝐼𝐼𝐼
𝜕𝜕𝜕𝜕
+ 𝜕𝜕(𝐺𝐺𝐼𝐼𝐼𝐼𝑓𝑓𝐼𝐼𝐼𝐼)
𝜕𝜕𝜕𝜕
= 0 𝑖𝑖𝑖𝑖 𝑐𝑐𝐼𝐼𝐼𝐼 > 𝑐𝑐𝑠𝑠𝑠𝑠𝜕𝜕,𝐼𝐼𝐼𝐼               (7.2) 
for growth of form II, 
𝜕𝜕𝑓𝑓𝐼𝐼
𝜕𝜕𝜕𝜕
= 𝜕𝜕(𝐷𝐷𝐼𝐼𝑓𝑓𝐼𝐼)
𝜕𝜕𝜕𝜕
 𝑖𝑖𝑖𝑖 𝑐𝑐𝐼𝐼 < 𝑐𝑐𝑠𝑠𝑠𝑠𝜕𝜕,𝐼𝐼                         (7.3) 
for dissolution of form I, 
𝜕𝜕𝑓𝑓𝐼𝐼
𝜕𝜕𝜕𝜕
+ 𝜕𝜕(𝐺𝐺𝐼𝐼𝑓𝑓𝐼𝐼)
𝜕𝜕𝜕𝜕
= 𝐵𝐵𝐼𝐼𝛿𝛿(𝐿𝐿 − 𝐿𝐿0) 𝑖𝑖𝑖𝑖 𝑐𝑐𝐼𝐼 > 𝑐𝑐𝑠𝑠𝑠𝑠𝜕𝜕,𝐼𝐼              (7.4) 
for growth of form I: where 𝑖𝑖𝐼𝐼𝐼𝐼  and 𝑖𝑖𝐼𝐼  are the average number density functions of the 
metastable and stable form of OABA and 𝛿𝛿(𝐿𝐿 − 𝐿𝐿0) is the Dirac delta function (𝛿𝛿 = ∞ if 
𝐿𝐿 = 𝐿𝐿0 = 0 and 𝛿𝛿 = 0 if 𝐿𝐿 ≠ 𝐿𝐿0 with ∫ 𝛿𝛿(𝑥𝑥)𝑑𝑑𝑥𝑥 = 1+∞−∞ ). 𝐷𝐷𝐼𝐼,𝐼𝐼𝐼𝐼 is the dissolution rate of the 
two forms and 𝐺𝐺𝐼𝐼,𝐼𝐼𝐼𝐼 the growth rate defined as: 
𝐷𝐷𝐼𝐼.𝐼𝐼𝐼𝐼 =  𝐴𝐴𝑑𝑑𝐼𝐼,𝐼𝐼𝐼𝐼𝑒𝑒𝑥𝑥𝑒𝑒 �−𝐵𝐵𝑑𝑑𝐼𝐼,𝐼𝐼𝐼𝐼𝑇𝑇 � (1 − 𝑆𝑆𝐼𝐼,𝐼𝐼𝐼𝐼)                 (7.5) 
𝐺𝐺𝐼𝐼,𝐼𝐼𝐼𝐼 =  𝐴𝐴𝑔𝑔𝐼𝐼,𝐼𝐼𝐼𝐼𝑒𝑒𝑥𝑥𝑒𝑒 �−𝐵𝐵𝑔𝑔𝐼𝐼,𝐼𝐼𝐼𝐼𝑇𝑇 � (𝑆𝑆𝐼𝐼,𝐼𝐼𝐼𝐼 − 1)𝑠𝑠𝐼𝐼,𝐼𝐼𝐼𝐼              (7.6) 
with the supersaturation defined as 𝑆𝑆𝐼𝐼,𝐼𝐼𝐼𝐼 = 𝐶𝐶𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝐼𝐼,𝐼𝐼𝐼𝐼. 
Two types of secondary nucleation of the stable form were estimated: (i) secondary 
nucleation induced by seeding of a mixture of polymorphs when 𝐶𝐶 > 𝐶𝐶𝑠𝑠𝑠𝑠𝜕𝜕,𝐼𝐼𝐼𝐼 (ii) secondary 
nucleation during polymorphic transformation when 𝐶𝐶 ≥ 𝐶𝐶𝑠𝑠𝑠𝑠𝜕𝜕,𝐼𝐼 . The different types of 
nucleation can be described by the equations: 
𝐵𝐵𝐼𝐼 =  𝐴𝐴𝑏𝑏𝑆𝑆𝐼𝐼𝑠𝑠𝑏𝑏 + 𝐾𝐾𝑏𝑏1𝑆𝑆𝐼𝐼𝑒𝑒𝑥𝑥𝑒𝑒( −𝐾𝐾𝑏𝑏2(ln 𝑆𝑆𝐼𝐼)2)               (7.7) 
The method of moment was used to solve the equations (Randolph 1988). The 𝑗𝑗𝜕𝜕ℎ moment 
of the distribution of the two polymorphs 𝑖𝑖𝐼𝐼,𝐼𝐼𝐼𝐼 is defined by: 
𝜇𝜇𝑗𝑗𝐼𝐼,𝐼𝐼𝐼𝐼(𝑡𝑡) = ∫ 𝐿𝐿𝑗𝑗𝑖𝑖𝐼𝐼,𝐼𝐼𝐼𝐼(𝐿𝐿, 𝑡𝑡)𝑑𝑑𝐿𝐿∞0               (7.8) 
Using this definition of moments the system of equations to solve becomes: 
𝑑𝑑𝜇𝜇0,𝐼𝐼
𝑑𝑑𝜕𝜕
= 𝐵𝐵𝐼𝐼                (7.9) 
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𝑑𝑑𝜇𝜇𝑖𝑖,𝐼𝐼
𝑑𝑑𝜕𝜕
= 𝑖𝑖(𝐺𝐺𝐼𝐼 − 𝐷𝐷𝐼𝐼)𝜇𝜇𝑖𝑖−1,𝐼𝐼 𝑤𝑤𝑖𝑖𝑡𝑡ℎ 𝑖𝑖 = 1,2,3            (7.10) 
𝑑𝑑𝜇𝜇0,𝐼𝐼𝐼𝐼
𝑑𝑑𝜕𝜕
= 0                (7.11) 
𝑑𝑑𝜇𝜇𝑖𝑖,𝐼𝐼𝐼𝐼
𝑑𝑑𝜕𝜕
= 𝑖𝑖(𝐺𝐺𝐼𝐼𝐼𝐼 − 𝐷𝐷𝐼𝐼𝐼𝐼)𝜇𝜇𝑖𝑖−1,𝐼𝐼𝐼𝐼 𝑤𝑤𝑖𝑖𝑡𝑡ℎ 𝑖𝑖 = 1,2,3            (7.12) 
𝑑𝑑𝐶𝐶𝑙𝑙𝑖𝑖𝑙𝑙
𝑑𝑑𝜕𝜕
= 3𝑘𝑘𝑣𝑣𝜌𝜌𝑐𝑐(−𝐺𝐺𝐼𝐼𝐼𝐼𝜇𝜇2,𝐼𝐼𝐼𝐼 − 𝐺𝐺𝐼𝐼𝜇𝜇2,𝐼𝐼 + 𝐷𝐷𝐼𝐼𝐼𝐼𝜇𝜇2,𝐼𝐼𝐼𝐼)           (7.13) 
An additional condition was added in order to avoid the presence of negative moments: the 
dissolution terms were considered zero if the first moment became equal or less than zero. 
In this way the dissolution of each form can stop when all the material is consumed but the 
solution is not saturated in respect of that form. Matlab was used to solve the equations. 
The function ode15s was used to solve the system and a combination of fminsearch and 
fmincom was used to estimate the parameters. The solubility curves for both form I and II 
between 10 and 40°C were the same used in chapter 6 of this thesis. Despite the system 
being enantiontropic (Jiang et al. 2010b; Jiang et al. 2010a; Jiang et al. 2008), in the used 
interval the two OABA polymorphs can be considered monotropically related.  
7.2.2 Systematic experimental design for the model identification 
Experiments were planned carefully in order to simplify the estimation of the kinetic 
parameters: the different phenomena were isolated as shown in Figure  7.1 and Table 7.1. 
Growth and dissolution for both forms were estimated through seeded saturation or 
desupersaturation experiments. The secondary nucleation of the stable form was estimated 
through isothermal transformation experiments and using the dissolution and growth 
kinetics already estimated. Finally secondary nucleation of form I after seeding was 
evaluated through desupersaturation experiments with low seeds loading at high 
supersaturation. This approach has two main advantages: (i) Because only one 
phenomenon is estimated in each set of experiments a correlation between the estimated 
parameters is avoided (ii) Only concentration data and the initial crystal size distribution 
are needed for the estimation and no sampling is needed. 
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Figure  7.1: Schematic of the experimental design used for the parameters estimation. Growth and dissolution for 
both forms were estimated through seeded saturation or desupersaturation experiments. The secondary 
nucleation of the stable form was estimated through isothermal transformation experiments and using the 
dissolution and growth kinetics already estimated. Finally secondary nucleation of form I after seeding was 
evaluated through desupersaturation experiments with low seeds loading at high supersaturation. 
 
A detailed list of the experiment performed and their conditions is shown in Table  7.1. 
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Table  7.1: Description of the conditions used in the different experiments to determine the kinetics parameters of 
OABA 
Parameter 
estimated  
Conditions  
𝐴𝐴𝑑𝑑𝐼𝐼 and 𝐵𝐵𝑑𝑑𝐼𝐼  Four isothermal experiments (10, 15, 25 and 35°C). Seeds were added to the 
solvent in the amount necessary to have a saturated solution after the complete 
dissolution.  
𝐴𝐴𝑑𝑑𝐼𝐼𝐼𝐼 and 𝐵𝐵𝑑𝑑𝐼𝐼𝐼𝐼  Four isothermal experiments (10, 15, 25 and 35°C). Seeds were added to the 
solvent in the amount necessary to have a saturated solution. Raman spectroscopy 
was used to check the absence of polymorphic transformation during dissolution.  
𝐴𝐴𝑔𝑔𝐼𝐼, 𝐺𝐺𝑔𝑔,𝐼𝐼 and 𝑎𝑎𝐼𝐼  Seeds (10% of the total solute) were added to a saturated solution at 40°C. A slow 
linear cooling was then applied to avoid nucleation. Two experiments at different 
cooling rates were performed (-0.1 and -0.05°C/min). 
𝐴𝐴𝑔𝑔𝐼𝐼𝐼𝐼, 𝐺𝐺𝑔𝑔,𝐼𝐼𝐼𝐼 and 𝑎𝑎𝐼𝐼𝐼𝐼 Four isothermal experiments (10, 15, 25 and 35°C). Seeds of the metastable form 
(10% of the total solute) were added to supersaturated solutions (5°C of 
supersaturation). Data were considered until the nucleation of the stable form 
started.  
𝐾𝐾𝑏𝑏1 and 𝐾𝐾𝑏𝑏2 Isothermal seeded polymorphic transformation experiments at four different 
temperatures (10, 15, 25 and 35°C). 
𝐴𝐴𝑏𝑏 and 𝑎𝑎𝑏𝑏 Seeding of a mixture of polymorph at saturated condition for form II (about 40°C) 
and cooling at -1°C/min (three experiments, amount of seeds of 10% of the total 
solute). 
 
7.2.3 Optimization 
After estimating the parameters the optimal temperature profile that maximizes the size of 
form I at the end of the batch and allows complete dissolution of form II was found. The 
initial temperature of seeding was fixed at around 37°C. The problem is formulated as 
follow: min𝑇𝑇(𝑘𝑘)�−𝐿𝐿�𝐼𝐼,𝑒𝑒𝑒𝑒𝑑𝑑�  𝑤𝑤𝑖𝑖𝑡𝑡ℎ 𝐿𝐿�𝐼𝐼,𝑒𝑒𝑒𝑒𝑑𝑑 = 𝜇𝜇1,𝑒𝑒𝑒𝑒𝑑𝑑𝜇𝜇0,𝑒𝑒𝑒𝑒𝑑𝑑            (7.14) 
Subject to the conditions: 
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−0.5 ≤ 𝑑𝑑𝑇𝑇
𝑑𝑑𝜕𝜕
≤ 0.5               (7.15) 
11 °𝐶𝐶 ≤ 𝑇𝑇 ≤ 45 °𝐶𝐶               (7.16) 
𝑐𝑐𝑒𝑒𝑒𝑒𝑑𝑑 ≤ 𝑐𝑐𝑚𝑚𝑠𝑠𝑚𝑚,𝑒𝑒𝑒𝑒𝑑𝑑 = 0.005g/g solvent            (7.17) 
𝜇𝜇𝐼𝐼𝐼𝐼1,𝑒𝑒𝑒𝑒𝑑𝑑 = 0                (7.18) 
where 𝑇𝑇 is the temperature and 𝑐𝑐𝑒𝑒𝑒𝑒𝑑𝑑 the solute concentration at the end of the batch. The 
optimization initial conditions used are shown in Table 7.2. 
 
Table  7.2: Initial conditions for optimization 
Seeding Temperature 37.26 °C 
Initial concentration of the clear 
solution 
0.015 g/g solvent 
Mass of seeds 0.6 g 
Form II (% of the seeds) 40% 
Mass of solvent 400 g 
Seeds size distribution form I µ = 50 µm; σ = 10 µm 
Seeds size distribution form II µ = 50 µm; σ = 10 µm 
Batch time 3hrs 
 
Both the genetic algorithm application in Matlab 2013 and the function fmincon were used 
to find the optimal temperature profile that satisfies the constraints imposed. 
 
7.3 Results and Discussion 
7.3.1 Parameters estimation and validation 
Some of the experiments reported in Table  7.1 could be conducted consecutively in the 
same solution: growth of the metastable form can be estimated by a seeded experiment that 
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can then be used to estimate secondary nucleation of the stable form by just letting the 
metastable form transform. In these cases, sampling at the beginning of the transformation 
is necessary to estimate the crystal size distribution to use in the parameter estimation. The 
results of one of the combined experiments are shown in Figure 7.2: growth of metastable 
form and secondary nucleation of the stable form at 10°C are measured. The first 4000 s of 
the experiment were used, together with the other three isothermal growth experiments, to 
estimate growth of form II while the remaining time was used to estimate secondary 
nucleation of form I. Another important piece of information shown in Figure 7.2: Results 
for growth of form II and transformation experiment at 10°C. is that the system can be 
considered neither growth nor dissolution controlled as previously studied compounds. 
 
 
 
 
 
 
 
 
 
The kinetic parameters estimated from all the experiments are shown in Table  7.3 while 
Figure 7.3, Figure 7.4 and Figure  7.5 show the simulated and experimental data for 
dissolution and growth of form I and II at different conditions, as well as the two types of 
nucleation. The simulated curves follow reasonably well the experimental values.  
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 (s) Figure 7.2: Results for growth of form II and transformation experiment at 10°C. 
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Figure  7.4: (a) Growth of form II at four different temperatures (isothermal experiments): continuous line is 
simulated and dots are experimental data (b) Growth of form I: continuous line is simulated and dots are 
experimental data at two different cooling rates.  
 
 
 
 
Figure 7.3: (a) Dissolution of form I: continuous line is simulated and dots are experimental data (b) Dissolution of 
form II: continuous line is simulated and dots are experimental data. Four isothermal experiments were performed to 
estimate the parameters. 
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Figure  7.5: (a,b,c) Secondary nucleation of form I after seeding (three experiments, similar conditions): 
continuous line is simulated and dots are experimental data (d) Secondary nucleation of form I during 
transformation (four isothermal experiments): continuous line is simulated and dots are experimental data. 
 
Table  7.3 also shows the limits of the 95% confidence interval for all the estimated values. 
All the parameters present a narrow interval of confidence apart from both the secondary 
nucleation rates estimated for form I. That is due both to the difficulty in estimating the 
kinetics parameters for a stochastic process like nucleation and the small amount of 
experiments performed. 
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Table  7.3: Kinetic parameters estimated from the performed experiments 
Parameter Value Sum of square error 
of prediction 
 (g/g solvent) 
Upper limit of 
the interval of 
confidence 
Lower limit of the 
interval of 
confidence 
𝐴𝐴𝑑𝑑𝐼𝐼 (m s-1) 4.4 3.33e-6 2.1 9.2 
𝐵𝐵𝑑𝑑𝐼𝐼  (K) 434e3 3.33e-6 4.2e3 4.6e3 
𝐴𝐴𝑑𝑑𝐼𝐼𝐼𝐼 (m s-1) 1.1e-3 1.25e-5 7.5e-4 1.8e-3 
𝐵𝐵𝑑𝑑𝐼𝐼𝐼𝐼  (K) 1.8e3 1.25e-5 1.7e3 2.0e3 
𝐴𝐴𝑔𝑔𝐼𝐼 (m s-1) 2.4e8 2.67e-6 1.1e8 5.0e8 
𝐵𝐵𝑔𝑔𝐼𝐼  (K) 1.10e4 2.67e-6 1.08e4 1.12e4 
𝑎𝑎𝐼𝐼  (-) 1.1 2.67e-6 1.0 1.2 
𝐴𝐴g𝐼𝐼𝐼𝐼 (m s-1) 1.3e-4 4.96e-7 6.2e-6 2.6e-3 
𝐵𝐵𝑔𝑔𝐼𝐼𝐼𝐼  (K) 2.0e3 4.96e-7 1.4e3 3.0e3 
𝑎𝑎𝑔𝑔𝐼𝐼𝐼𝐼 (-) 1.0 4.96e-7 0.77 1.2 
𝐾𝐾𝜕𝜕1  (# m-3s-1) 1.6e10 1.086e-5 1.2e10 2.1e10 
𝐾𝐾𝜕𝜕2 (-) 3.94e-1 1.086e-5 3.8e-1 4.1e-1 
𝐴𝐴𝑏𝑏 (# m-3s-1) 1.7e8 1.753e-5 7.4e6 3.7e9 
𝑎𝑎𝑏𝑏 (-) 2.4 1.753e-5 -13.8 18.5 
 
One of the APFC experiments performed was used to validate the set of parameters 
estimated. Seeding and dissolution cycle were simulated with the intial conditions shown 
in Table  7.4.  
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Table  7.4: Initial conditions for optimization 
Seeding Temperature 37.26 °C 
Initial concentration of the clear 
solution 
0.0151 g/g solvent 
Mass of seeds 0.61 g 
Form II (% of the seeds) 60% 
Mass of solvent 400 g 
Seeds size distribution form I µ = 69 µm; σ = 6 µm 
Seeds size distribution form II µ = 225 µm; σ = 75 µm 
 
 
 
Figure  7.6: Model validation, experimental and simulated data for an APFC experiments (a) Temperature plotted 
with experimental and simulated concentration (b) Raman signal during the experiment and simulated first 
moment of form II.  
 
The mean 𝜇𝜇 and the sigma 𝜎𝜎 of the initial crystal size distribution for form I and II for the 
validation experiment were estimated as: 
𝜇𝜇 = 𝜕𝜕𝑚𝑚𝑠𝑠𝑚𝑚+𝜕𝜕𝑚𝑚𝑖𝑖𝑒𝑒
2
              (7.19) 
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𝜎𝜎 = 𝜕𝜕𝑚𝑚𝑠𝑠𝑚𝑚−𝜕𝜕𝑚𝑚𝑖𝑖𝑒𝑒
2
              (7.20) 
where 𝐿𝐿𝑚𝑚𝑠𝑠𝑚𝑚 and 𝐿𝐿𝑚𝑚𝑖𝑖𝑒𝑒 are the maximum and minimum size of the sieves used to prepare 
the seeds. Similarly to the procedure for the kinetic parameter estimation, the mean and 
sigma calculated from the size of the sieves were used to calculate a Gaussian distribution 
which was used as initial condition for the validation. The results of the validation 
experiment are shown in Figure  7.6 and Figure 7.7. The curve of the simulated 
concentration correctly follows the experimental data (Figure  7.6a) and the trend of the 
first moment of form II is similar to the corresponding Raman signal (as shown in 
Figure  7.6b where the two trends are plot together for comparison). Since Raman intensity 
is directly proportional to the amount of solid in suspension in the vessel (as shown in 
chapter 4 of this thesis), its trend can be directly compared to one of the third moment of 
form II. A discrepancy between experimental and simulated data is present in the cooling 
section and it is probably due to the uncertainty in the estimation of secondary nucleation 
(the form I first moment simulated is higher than the actual one and, therefore, the growth 
is overestimated). However, the maximum percentage error on the concentration 
measurement is 16.47% and it is localized in the cooling section, and the time of complete 
dissolution of the undesired form is picked up correctly. This means that the model is able 
to simulate and predict well the APFC dissolution cycle so it is suitable for optimization.  
 
Figure  7.7: Model validation, experimental and simulated data for an APFC experiments (a) Simulated zeroth 
moment of form I (b) Simulated first moment of form I(c) Simulated second moment of form I (d) Simulated third 
moment of form I. 
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The simulated first, second and third moment of form I are shown in Figure 7.7. The third 
moment can be directly compared to the intensity of the Raman peak for form I (shown in 
Figure  7.8): the two trends are again very similar. The amount of form I increases because 
of seeding and nucleation, then decreases during the dissolution cycle because of partial 
dissolution of form I with form II and then increases again for the growth.  
 
Figure  7.8: Trend of the Raman peak typical of form I during the all experiment. The signal is proportional to the 
amount of solid form I in the slurry and the trend resembles the simulated first, second and third moment of form 
I shown in Figure 7.7. 
 
7.3.2 Optimization 
Optimization was performed using the kinetics parameters to find the optimal temperature 
profile that eliminates form II and maximize the size of the crystals of form I at the end of 
the batch. Fifteen different points were estimated using the genetic algorithm application 
and then the fmincon function in Matlab 2013. The results of the optimization (shown in 
Figure  7.9a to d) demonstrated that a heating step is not only required to eliminate form II 
but also allow a larger crystal size of form I at the end of the batch. Imposing only cooling 
in the optimization code (−0.5° 𝐶𝐶
𝑚𝑚𝑖𝑖𝑒𝑒
≤
𝑑𝑑𝑇𝑇
𝑑𝑑𝜕𝜕
≤ −0.001°𝐶𝐶/min ) resulted in lower crystal size, 
although all the metastable form naturally converted to the stable one by the end of the 
batch. The value of the objective function calculated was quite low compare to the 
experimental results (𝜇𝜇1,𝐼𝐼𝐼𝐼𝐼𝐼𝑠𝑠
𝜇𝜇0,𝐼𝐼𝐼𝐼𝐼𝐼𝑠𝑠 = 20.6 𝜇𝜇𝜇𝜇 against a normal end of batch value of around 100-
150 µm) but this is most probably due to the uncertainty of the parameters for nucleation 
of form I. The presence of heating steps in optimized batch crystallization was already 
found by other authors (Majumder and Nagy 2013; Qamar et al. 2010; Yeom et al. 2013) 
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as a results of the inclusion of the dissolution kinetics in the PBEs. In those cases heating 
can correct a non-optimal seeding and allow a better final CSD. After the heating step the 
temperature is kept high in order to allow growth of the form I crystal and then drops in 
the end to reach the desired yield.  
 
 
Figure  7.9: (a) Optimal temperature calculated (b) Concentration profile associated with the optimal 
temperatures estimated (c) First moment of form I profile associated with the optimal temperatures estimated (d) 
First moment of form II profile associated with the optimal temperatures estimated. 
 
Figure  7.9a shows the evolution of the optimal temperature over the batch time: a first 
heating step allows dissolution of form II while the following two smaller ones (at around 
3000s) are used to obtain larger crystal of form I. Figure  7.9b shows the calculated solute 
concentration over the optimal temperature profile while Figure  7.9c and d shows the 
calculated first moment of form I and II. Form II is completely dissolved after the first 
dissolution cycle that dissolve also part of form I. The remaining crystals of form I keep 
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growing until the end of the batch. Figure  7.10 shows the optimized temperature profile 
and supersaturation in the equilibrium graph. After the dissolution cycles the 
supersaturation is kept above the solubility of form I in order to grow its crystals but below 
the solubility of form II to avoid its further nucleation during the batch. 
 
 
Figure  7.10: (a) Optimal temperature profile in the phase equilibrium graph. The solute concentration is always 
below the solubility of form II that, therefore, cannot nucleated again after its dissolution. (b) Detail view of the 
smaller dissolution cycles. 
 
7.4 Conclusions 
The active polymorphic feedback control (APFC, described in chapter 6) is a strategy that 
detects and eliminates the metastable polymorph after nucleation of a mixture or erroneous 
seeding. The approach uses a combination of Raman spectroscopy to detect the metastable 
polymorph and trigger a dissolution cycle to eliminate it, and then ATR-UV/Vis 
spectroscopy to grow the remaining crystals of the stable form through supersaturation 
control. Despite being very efficient in obtaining the pure stable polymorph, this model-
free control does not lead to its optimal crystal size distribution at the end of the batch. In 
fact, the size distribution of the crystals of the stable form after the dissolution cycle is not 
controlled and it might not be the optimal to allow a good quality CSD at the end of the 
supersaturation control. For this reason a model-based APFC, that allows both the 
elimination of the metastable form and larger crystals of the stable form at the end of the 
batch, was developed in this chapter. The kinetic parameters that are needed to describe 
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nucleation of form I) were estimated and validated using the data from one of the seeded 
experiment shown in chapter 6. A specific design of experiments was performed to 
estimate each parameter separately and therefore, to avoid correlations between them as 
well as to simplify the calculation. All the parameters estimated presented a narrow 
interval of 95 % confidence apart from the nucleation of the stable form, probably because 
of the stochastic nature of this phenomenon.  
After the parameter estimation, optimization was performed. It was found that the 
dissolution cycle normally induced by the APFC not only allows the elimination of the 
metastable form II but it is also beneficial to obtain larger crystals of form I at the end of 
the batch. This is in accordance with experiments as well as with the results of other 
optimization studies where dissolution was included in the model. The final number mean 
diameter for the optimal profile obtained differs from what was normally obtained in the 
experiments but that is due to the uncertainty in the estimation of the secondary nucleation 
parameters. 
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8 In situ monitoring of polymorphic transformations using a composite 
sensor array of Raman, NIR, ATR-UV/Vis spectroscopy, FBRM and 
PVM, for an intelligent decision support system 
 
This chapter introduces the concept of composite sensor array (CSA). Signals from 
multiple probes are merged and analysed using chemometrics during the polymorphic 
transformation of ortho-aminobenzoic acid. The CSA allows a quicker and easier 
interpretation of data from multiple instruments. 
 
8.1. Introduction 
Raman, Particle vision measurement (PVM) and infrared spectroscopy have already been 
used singularly to detect nucleation and polymorphic transformations during crystallization 
processes as well as to analyse powder mixtures of multiple polymorphic forms. However, 
a comprehensive study and comparison between these techniques used simultaneously 
with the integration of the signals, during polymorphic transformation has not been 
performed yet.  
The aims of this chapter are to evaluate the capability of different PAT tools for 
monitoring polymorphic transformation during crystallization, to provide a systematic 
analysis of the signals and to investigate which combinations of tools is the best for the 
detection of various mechanisms in a particular system. Additionally, the framework of 
composite sensor array (CSA) is introduced, which is based on the integration of signals 
from multiple sensors using principal component analysis. The idea of combining multiple 
sensors in one measurement hardware cluster has been developed by Zeton B.V. (the 
Netherlands). The company manufactured a sensor skid that contains a microcamera, an 
ATR-FTIR spectrophotometer, an ultrasound devices as well as a refractometer (Kadam et 
al. 2012). A device composed of multiple probes was also used by Helmdach et al. (2013). 
Nevertheless, while these systems combined physically multiple pieces of hardware, they 
represent decentralized PAT arrays since none of the them provided any mechanism for 
the integration of signals and data fusion. An example of data processing with the 
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commercial softwares PEAXACT (S-PACT GmbH) and OPUS was performed on MID-IR 
data by Helmdach et al.(2013) but the concept of centralized CSA was first proposed by 
Nagy and Braatz (2012), and is based on the integration of information from multiple PAT 
tools for automated detection of various events that may occur during crystallization. More 
than one PAT tool is often used for development and scale up of crystallization processes, 
and while crystallization experts typically analyse and interpret the complementary 
information to understand the process, there is no framework available for automated 
signal integration and interpretation using model-based approach or chemometrics 
techniques (such as principal components analysis). According to the concept of CSA, 
combining the signals from all the techniques is the same as having a single global sensor 
that can monitor all the different phenomena detectable by different individual tools. The 
signals can be analysed simultaneously using chemometrics techniques and combined in 
principal components that can more easily interpreted and eventually used in control of the 
process (Nagy 2012; Nagy et al. 2013). The Crystallization Process Informatics Systems 
(CryPRINS) is a software platform, that consists of the communication interface required 
to integrate various PAT hardware from the CSA, the automated data fusion mechanism 
(e.g. based on chemometrics or model-based approaches) and intelligent algorithms that 
can be used to coordinate the various components of the CSA and exploit all signals from 
all measurement devices for automated decision support and feedback control (Nagy 2012). 
The present chapter provides a systematic comparative investigation of the potential of 
different PAT tools in monitoring polymorphic transformation and presents the first proof 
of concept of the CSA framework using chemometrics based data fusion as well as 
introduces a methodology for the determination of optimal sensor configuration for the 
automated detection of various crystallization events. 
 
8.1 Methodology, materials and equipment 
8.1.1 Materials and experimental setup 
OABA in solutions of water and IPA (90/10 w/w) was used in the experiments described 
in this chapter. The system of PAT probes used included:  
- Raman; 
- NIR transflection; 
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- NIR reflection; 
- ATR-UV/Vis; 
- FBRM; 
- PVM. 
The data from the FBRM, ATR-UV/Vis and the Huber was transmitted in real-time to the 
Crystallization process Informatics System (CryPRINS) software. Raman and NIR data 
were collected with the software packages of the respective instruments. Experiments were 
performed using all the probes at the same time in order to compare the information under 
identical experimental conditions and integrate the signals. The probes were put close to 
the stirrer and all at the same height in order to have the best quality of measurement. This 
work is mainly focused on polymorphic transformation which happens in the solid state 
and that is why most of the tools used are related to solid state analysis (NIR and Raman). 
ATR-UV/Vis was also used because of its capacity to detect the different solubility of the 
two polymorphs. 
8.1.2 Experimental methodology 
Four experiments were conducted with the arrangement of probes shown in Table 8.1. 
Table 8.1: probes used during the performed experiments 
Experiment Probes used 
1 NIR reflectance (NIR ref.), Raman, FBRM 
2 NIR transflectance (NIR trans.), Raman, FBRM 
3 ATR-UV/Vis, Raman, FBRM 
4 ATR-UV/Vis, Raman, FBRM 
 
Solutions of OABA pure form I containing 0.017g/g solvent (saturation temperature of 
about 40°C) were used for the experiments. The solutions were heated up to 50°C, kept for 
30 min in order to dissolve all the solids and then cooled down at a rate of -1°C/min. Data 
recording was started at 50°C after the complete dissolution of the starting material. 
Because of the high concentration of water in solution, which favours sticking of the 
crystals on the probes, FBRM signal was disturbed (total counts and chord length 
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distribution present spikes and peaks). However, it was still possible to distinguish 
nucleation and polymorphic change from the FBRM in both the experiments. NIR and 
Raman signal are apparently less influenced by sticking and also PVM could still give very 
good and useful information.  
8.1.3 Signal integration using principal components analysis (PCA) 
PCA (using the svd function in Matlab) was performed on the CSA matrix formed by the 
signals taken from all the probes at the same time interval. This technique can be 
effectively used to isolate the effect of different crystallization phenomena (such as 
nucleation, polymorphic transformation, agglomeration, etc.) on the Raman spectra and 
have useful real-time information about the process. This work represents the first step 
towards the realization of the CSA concept. PCA has been performed on a matrix formed 
by multiple signals from different probes and results have been analysed in order to 
understand the potential of this approach in automatically detecting polymorphic 
transformations and differentiating it from other potential mechanisms which may lead to 
changes in the signals. Raman signal, total counts, and NIR or ATR-UV/Vis were arranged 
in a single matrix. Data were pre-processed separately as shown in Table 8.2.  
 
Table 8.2: Summary of the pre-processing for each probe measurement before performing principal component 
analysis. In the right column the indexes of the total merged matrix of signal are associated to each probe 
Data Pre-processing Merged matrix index 
Raman spectra 
2nd derivative, smoothing in region from 400 
to 1700cm-1 
1-1286 
ATR-UV/Vis 1st derivative in region from 220 to 725 nm 1287-1526 
NIR spectra 
Smoothing in region from 5000 to 6500 cm-1 
(higher smoothing for reflectance probe) 
1287-1525 (NIR refl.) 
1287-1575 (NIR trans.) 
Data from FBRM Time averaging (10 seconds) 
1527 (ATR-UV/Vis) 
1526 (NIR refl.) 
1576 (NIR trans.) 
 
Before merging the data in a unique matrix, autoscaling was performed individually for 
every type of signal. In this way the same weight is given to the signals from each probe. 
The crystallization process can be analysed and interesting information may be inferred 
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from the scores plotted versus time, the corresponding loadings plotted in scatter plots, as 
well as plotting the first and second principle component scores (PC1 versus PC2) and 
identifying clusters. The scores plots are generally used to detect similarities, differences 
or other interesting relationships among samples. Loadings are also often presented in two-
dimensional scatter plots, but they can be plotted against the wavelength, too. The loadings 
are used to understand the relationship between the scores and the original variables and to 
select the optimal sensor configuration given the set of available PAT tools. In order to 
interpret in an easier way the loadings, Varimax rotation was performed on the CSA 
loadings using Matlab (function rotatefactors). This operation maximizes the sum of the 
variances of the square loadings: in this way every component is associated to a smaller 
amount of variables and the determination of the most influent probes in the set that 
compose the CSA is greatly simplified. 
 
8.2 Results and discussion 
8.2.1 Qualitative analysis of the single signals (decentralised CSA) 
Raman and NIR spectra of the solid forms of OABA were already described in chapter 
three of this thesis. The Raman peaks tracked for this set of experiments are: 770 cm-1 for 
form II and 784 for form I. Second derivative and smoothing were used in order to 
partially eliminate the effect of fluorescence that was observed in the system even with 
clear solutions and peak values were multiplied by -1 in order to have the same sign of the 
raw spectrum. In the case of the NIR spectrum in slurry, the absorption of water overlaps 
the region that presents more differences between the two polymorphic forms in the solid 
state (6500-7500 cm-1). However, it is still possible to identify a peak for form I around 
5950 cm-1 and also to distinguish the two forms from a baseline effect in both reflectance 
and transflectance mode. In fact, the amount of diffuse radiation going to the detector is 
affected by the total amount of solids, their shape and size. A change in one of these 
parameters, due to dissolution, nucleation or polymorphic transition, will generate a shift 
of the all spectrum to lower or higher absorbance intensity. In particular, form I of OABA 
is characterized by prismatic crystals instead of the needle-like form II, which results in a 
shift to higher absorbance values in the case of the reflectance probe and to lower values 
for the transflectance probe during the polymorphic transformation.  
Chapter 8:In situ monitoring of polymorphic transformations using a composite 
sensor array of Raman, NIR, ATR-UV/Vis spectroscopy, FBRM and PVM, for 
an intelligent decision support system 
148 
_________________________________________________________________________ 
_______________________________________________________________________________ 
Application of process analytical technology (PAT) tools for the better understanding and 
control of the crystallization of polymorphic and impure systems 
 
 
 
 
 
Figure 8.1: (a) Evolution of temperature, NIR signal and Raman intensities for specific peaks of form I and II in 
Experiment 1 (b) Evolution of temperature, NIR signal and Raman intensities for specific peaks of form I and II 
in experiment 2 (c) Evolution of temperature, ATR-UV/Vis signal and Raman intensities for specific peaks of 
form I and II in Experiment 3. 
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For this reason, every significant peak in the NIR spectrum (apart from the extreme zone at 
4000−4500 cm−1, where there is absorption by the optical fibre) could be followed.  
Differences in the spectra of the two polymorphic forms were visible even in slurries of 2 
mg of solid/g of solvent (the peak at 5950 cm−1 was still present and was tracked during 
the experiments), but it was found that the baseline effect was stronger than the changes in 
the specific regions of the spectrum. The ATR-UV/vis probe can monitor the liquid phase 
and detect changes in solute concentration during the experiment. In experiment 3, the 
calibration function developed in Chapter 5 of this thesis was used to calculate the solute 
concentration from the UV data, as shown in Figure 8.1c. FBRM can give important 
information about the amount of solid in solution (counts or counts per second) and also 
about the crystal size distribution and, indirectly, about the shape of the crystals. Raman, 
FBRM, and NIR data obtained during experiments 1 and 2 are shown in Figure 8.1 a and b 
respectively. Experiment 1 was conducted using an NIR reflectance probe. The absorbance 
signal from the reflectance probe in solution is noisy and shows high intensities because 
there are no solids that can reflect the radiation back to the detector. The NIR 
transflectance probe can also work with transmission, so the signal is specular: it is higher 
in slurries and lower in solution. The FBRM probe is the one with the largest measuring 
area and therefore the one most affected by fouling. The presence of particles on the probe 
made it difficult to interpret the results, since the repeated measurements of the sticking 
crystals generated meaningless peaks in the total counts and the chord length distribution 
(CLD). In experiment 1 in particular, the total counts trend has two peaks around 170 min; 
those peaks are just an artefact of the FBRM since none of the other probes detect any 
changes in the process (see Figure 8.1 a). Nevertheless, the principal component analysis 
applied on the composite sensor array showed good results for in detecting the real kinetic 
events in the process for all the performed experiments, demonstrating the robustness of 
this approach. 
Table 8.3 and Table 8.4 show the detection times for nucleation, polymorphic 
transformation start and end for all the probes used in the first two experiments, while 
Table 8.5 reports the characteristic times for experiment 3. To extract information from the 
PVM images, the start of transformation was considered when the first recorded image 
presented prismatic crystals (typical of form I) as shown in Figure 8.2. 
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Table 8.3: Detection time of nucleation and polymorphic transformation from the different PAT tools in 
Experiment 1 
Technique Nucleation 
(min) 
Polymorphic trans. 
start (min) 
Polymorphic trans. 
end (min) 
NIR reflectance 26 200 281 
Raman 26 120 281 
FBRM 26 268 283 
PVM 27 105 261 
 
Table 8.4: Detection time of nucleation and polymorphic transformation from the different PAT tools in 
Experiment 2 
Technique Nucleation 
(min) 
Polymorphic trans. 
start (min) 
Polymorphic trans. 
end (min) 
NIR transflectance 31 280 330 
Raman 31 150 320 
FBRM 31 289 328 
PVM 31 220 307 
 
Table 8.5: Detection time of nucleation and polymorphic transformation from the different PAT tools in 
Experiment 3 
Technique Nucleation 
(min) 
Polymorphic trans. start 
(min) 
Polymorphic trans. end 
(min) 
ATR-UV/Vis 30 72 190 
Raman 30 70 190 
FBRM 30 70 192 
PVM 30 65 190 
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The end of transformation was considered when long needle crystals completely 
disappeared from the recorded images: this empirical way is not very accurate and justifies 
the different detection time between PVM and the other probes.  
 
 
 
 
 
 
 
 
PVM, Raman and NIR are practically equally efficient in detecting nucleation and 
polymorphic transformation. FBRM signal is less easy to interpret, but a significant 
variation in the total counts is present at the end of the polymorphic change. The increase 
in intensity in NIR transflectance before nucleation is related to the temperature change but 
nucleation is still distinguishable since it generated a more sudden increase in the signal. 
The end of polymorphic transformation is detected at the same time by Raman, FBRM and 
NIR for experiment 1. In experiment 2 Raman recorded the end of polymorphic 
transformation few minutes before the FBRM and NIR. The beginning of the 
transformation is detected first by Raman and PVM. The transformation from form II to I 
is known to be solvent mediated (Davey and Garside 2000) and, from the trend of the 
Raman signal; it is possible to infer that this transformation also proceeds in two steps: a 
slower and a faster one. The Raman signal is directly proportional to the ratio of the two 
polymorphic forms, therefore is the only tool that can distinguish between the two steps of 
the transformation. NIR changed in signal only at the beginning of the second step of 
transformation and this is related to the way the two probes can detect polymorphic 
transformation. Besides, Raman can detect new peaks from the stable form just nucleated 
but those crystals might be too small to be picked up and differentiated by FBRM or NIR 
which are mainly looking at the different shape and size of the two polymorphic forms. 
Figure 8.2: PVM images at (a) Experiment 2 at 220 min, (b) Experiment 2 at 280 min. 
 
(a) (b) 
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The signal for the reflectance probe increases at the end of the transformation while for the 
transflectance probe it decreases: this behaviour can be explained considering that NIR is 
strongly influenced by crystal size and shape. For FBRM the decrease in the total counts is 
associated with the change in shape of the crystals. A similar behaviour in the total counts 
per second was observed for the same substance (but a different solvent) by Saleemi and 
Nagy (2012) who also compared the total counts trend during polymorphic transformation 
with the aspect ratio of the crystals. It is interesting to notice that in experiment 3, where 
the signal was less disturbed the two stages of the polymorphic transformation are both 
visible. Furthermore, between 100 and 130 min the total counts remain almost constant 
indicating a type of equilibrium between the rates of particles of form II dissolving and 
form I nucleating. Although the conditions of the three experiments were the same, the 
third experiments present a different transformation time. Many parameters that can’t 
easily be controlled influence the time of transformation (mixing conditions, presence of 
dust or small amount of impurities): and this might explain the different behaviour of the 
system in experiment 3. 
8.2.2 Centralized composite PAT array with PCA-based information fusion 
The data from the CSA was combined in a single data matrix and PCA was applied to it. 
The first four principal components of the global CSA matrix resulting from combining 
information from three PAT tools (Raman, FBRM, and NIR) were analysed. The chosen 
components can detect nucleation and polymorphic transformation, which are the 
phenomena of interest in this study but the entire matrix contains additional information 
(for example agglomeration, secondary nucleation but also fluorescence, particles sticking 
on probes and simple noise). The scores and loadings were analysed together with the 
amount of variance covered by the first four principal components and the results are 
shown in Table 8.6. Also, all the principal components (among the first four) that can 
detect nucleation and/or polymorphic transformation are listed in the same tables. It can be 
observed that nucleation is always detected by the first three principal components in every 
combination of PAT tool while polymorphic transformation (in particular the beginning) 
can be observed in fewer components and in most cases it is not distinguishable in the first 
principal component. In experiment 3 in particular, PC1 and PC2 start changing after 
nucleation and stabilize to a constant value after the completion of the transformation. 
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Table 8.6: Results for the PCA performed on data from combinations of three probes and on the total data matrix 
in experiments 1, 2 and 3. The second column reports the variance covered by the first three principal 
components; the following columns report which phenomena are detected by each PC score. N=Nucleation; 
FST=first step of transformation, SST=second step of transformation, ET=end of transformation 
Experiment Variance  
(first 3 PCs) 
PC1 PC2 PC3 PC4 
1- FBRM + 
Raman + NIR 
reflectance 
59.64% N, FST, SST, ET  N, FST, SST, 
ET 
N, SST, ET Noise 
2- FBRM + 
Raman + NIR 
transflectance 
77.52% N, SST, ET N, FST, SST, 
ET 
N Noise 
3- FBRM + 
Raman + 
ATR/UV/VIS 
82.87% N, ET N, ET N, FST, SST, ET Noise 
 
This trend is similar to the UV signal during the experiment demonstrating how different 
techniques can affect the PCA in different ways. In PCA the components are ordered 
according to the variance covered; because nucleation generates a more significant change 
in signal compared to transformation, it appears in more components and in particular in 
the first one. For all the experiments the forth principal component only shows noise while 
the other three can detect the phenomena of interest: nucleation of form II, start of the 
polymorphic transformation and end of the transformation. The variance covered by the 
first three principal components (the ones that do not contain noise) change significantly 
from one experiment to the other: this is due to the fact that reflectance spectroscopy is 
considerably noisier than transflectance; therefore, a large amount of variance in that 
technique is related to noise. If a signal is intrinsically noisy (such as NIR reflection and 
FBRM in the first experiment) most of the variance, which represents the change in the 
signal itself, will be associated to noise. In the case of NIR reflectance the 55% of the 
changes in the signal is due to changes during the process while the rest is considered 
noise. PCA is able to include the entire significant signal in the first components and 
separate this from the noise. Furthermore, the presence of a disturbed signal does not 
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compromise the PCA analysis. Figure 8.3a shows the scores of the first three principal 
components in experiment 1, using NIR refl. + Raman + FBRM. Nucleation is detected by 
all of them as well as the beginning and the end of polymorphic transformation. The 
clearest principal component is PC2: the signal is not too noisy and there is a considerable 
change corresponding to both nucleation and the end of polymorphic transformation. 
Furthermore, it is possible to distinguish the two steps of transformation due to the 
contribution given by the Raman probe. Figure 8.3b shows the scores of the first three 
principal components using NIR trans. + Raman + FBRM (experiment 2). Nucleation is 
indicated in all the scores but transformation is clear only in PC2. A significant change in 
the score of PC1 is present corresponding to the transformation but then the score keeps 
changing so the interpretation of this component becomes difficult. However, in PC2 the 
two steps of polymorphic transformation are recognizable. Figure 8.3c shows the scores 
versus time in experiment 3 where FBRM + Raman + ATR-UV/Vis were used. In the first 
two principal components a sudden change is present corresponding to nucleation and then 
the signal keeps increasing for PC2 and decreasing for PC1 until they both reach a stable 
value at the end of the polymorphic transformation. PC3 is sensitive to both nucleation and 
polymorphic transformation; this score has a trend very similar to the one of the total 
counts. The interpretation of the scores of the composite sensor array is easier by plotting 
two or more scores on the same graph and finding clusters and patterns that can be 
correlated with the various events in the process. It is worth noticing that the noisy features 
present in the FRBM signals in all the experiments are not present in any of the scores 
shown in Figure 8.3 demonstrating the advantage of performing PCA on the composite 
sensor array matrix. Figure 8.4 shows PC1 plotted versus PC2 in the three experiments: 
only points for pure form I, pure form II and the clear solution are represented in order to 
simplify the identification of main clusters. The three species are clearly distinguishable in 
all the three plots. In particular in Figure 8.4a (NIR refl. + Raman + FBRM) it can be 
notice that form I has a negative PC2 while form II has a positive one. The nucleation and 
transformation of one form could be easily identified in this system looking at the sign of 
PC2. For the CSA formed by NIR trans. + Raman + FBRM a similar behaviour of the 
components can be noticed, as shown in Figure 8.4b. In this case PC1 for form I is 
negative while is positive for form II. In experiment 3 (ATR-UV/Vis + Raman + FBRM) 
PC2 for form I is positive and for form II negative (see Figure 8.4c). Plotting PC1 and PC2 
together allows the immediate identification of the form nucleated or transformed.  
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Figure 8.3: (a) Scores of the first three principal components in experiment 1, (b) in experiment 2, and (c) 
experiment 3. 
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Figure 8.4: (a) Plot of PC1 vs PC2 for clear solution, pure form I and pure form II in experiment 1, (b) in 
experiment 2, and (c) in experiment 3. 
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Figure 8.5: Plot of PC1 vs PC2 for clear solution and pure form I during a cooling crystallization experiment with 
no polymorphic transformation. 
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Table 8.7: Most influent probes in the rotated loadings of the first two principal components (used for the 
clustering) for experiments 1, 2 and 3 
Experiment Rotated 
loading 1 
Rotated loading 
2 
1 -  FBRM + 
Raman + NIR 
reflectance 
Raman  NIR 
2 -  FBRM + 
Raman + NIR 
transflectance 
Raman FBRM 
3 - FBRM + 
Raman + 
ATR/UV/VIS 
UV FBRM  
 
Only the loadings of the PCs used in the clustering analysis (see Figure 8.4) were analysed 
to identify the best subset of tool for each experiment. The clustering analysis and 
representation was found to be more effective than the scores plotted versus time, and 
therefore, was used as basis for the loading study. It is immediately clear that, for 
experiment 1, the information from FBRM is less influent than Raman and NIR. In Figure 
8.6 (1) and (2) the loading for FBRM is always lower than for the other probes (although 
still significant). This tool does not strongly affect any of the rotated loadings for the most 
important PCs; therefore, it could be excluded by the optimal subset of PAT tools for the 
combination FBRM + NIR ref. + Raman. In the case of experiment 2, PC1 is strongly 
affected by the Raman signal (see Figure 8.6 (3)) while PC2 is affected mainly by FBRM 
as shown in Figure 8.6 (4); therefore, those two probes are the most important for the 
understanding of the process. Finally, for experiment 3 only the UV/Vis and FBRM 
strongly influence the first two PCs. The methodology presented here can provide a 
generic framework for the automated selection of optimal sensor combinations for the 
detections of particular crystallization events.  
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Figure 8.6: (1) Rotated loading of PC1 (L1) in experiment 1; (2) Rotated loading of PC2 (L2) in experiment 1; (3) 
Rotated loading of PC1 (L1) in experiment 2; (4) Rotated loading of PC2 (L2) in experiment 2; (5) Rotated 
loading of PC1 (L1) in experiment 3; (6) Rotated loading of PC2 (L2) in experiment 3. 
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proposed approach can automate this selection. Such a system could also automatically 
change the signals collected from multiple sensors and use different sensor configurations 
present in the crystallization vessels during different phases of the crystallization 
depending on the phenomenon of interest (e.g. certain signal combination may provide 
highest sensitivity during nucleation, whereas a different set of signals during polymorphic 
transformation). 
 
8.3 Conclusions 
Nucleation and polymorphic transformation of OABA from metastable form II to stable 
form I was studied using different PAT tools, including FBRM, ATR-UV/Vis, Raman as 
well as reflectance and transflectance NIR spectroscopy. PVM images were also used to 
analyse and explain the results found from the other probes. It was found that Raman 
spectra can give the most information about nucleation, crystal growth and polymorphic 
transformation. NIR could also be a powerful tool but the presence of water in the system 
limits its usage; although from its baseline effect it was possible to detect nucleation, 
crystal growth and polymorphic transformation. FBRM also provides very useful 
information about polymorphic transformation even if it shows lower sensitivity compared 
the other tools. The advantages of using more than one PAT tool in a composite sensor 
array (CSA) configuration to monitor complex processes and capture different phenomena 
was demonstrated. The application of the proposed PCA-based data fusion and 
information extraction approach represents the first centralized CSA structure reported. A 
real benefit of this approach can be visualized in a processing plant environment where 
more signals are monitored at the same time. Once a robust process has been established 
during the development stage and the output of the PCA is well understood, the 
monitoring of the signals can be shifted from a decentralized to a centralized composite 
array. The major advantage of this method is the reduced amount of signal to monitor 
which will greatly assist the plant operators in process monitoring. The signals can be 
analysed all together in the CSA, or in various subsets of configurations (e.g. two or more 
probes can be combined) in order to capture the crystallization phenomena of interest. The 
loadings and the principal components scores can be used to determine the best PAT 
subset. The approach proposed in this chapter can be used for optimal sensor configuration 
as well as a more efficient and automated information extraction that are key elements for 
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the implementation of automated intelligent decision support and control systems for 
crystallization processes. The CSA concept proposed in the chapter is very general and can 
include all types of PAT signals: the choice of the best component is, instead, system 
dependent and varies as a function of the phenomena of interest and the available set of 
tools.  
Chapter 9: A link between the ATR-UV/Vis and Raman spectra of zwitterionic 
solutions and the polymorphic outcome in cooling crystallization 
162 
__________________________________________________________________________________ 
_______________________________________________________________________________ 
Application of process analytical technology (PAT) tools for the better understanding and control 
of the crystallization of polymorphic and impure systems 
9 A link between the ATR-UV/Vis and Raman spectra of zwitterionic 
solutions and the polymorphic outcome in cooling crystallization 
 
In this chapter ATR-UV/Vis and Raman spectroscopy are used to study the effect of solvent 
on the polymorphic outcome of the zwitterionic OABA. A relation between spectra and 
polymorph nucleated is shown. 
 
9.1 Introduction 
The type of molecular interactions in solutions is very important in the determination of the 
polymorphic form of the early nucleated crystals (Bernstein 2011; Blagden and Davey 2003; 
Vekilov 2010; Davey et al. 2013). For this reason, significant research effort is currently 
directed towards trying to understand how the nature of the chemical bonding between 
solute-solute and solvent-solute molecules in solution affects the polymorphic form nucleated 
(Chiarella et al. 2007; Davey et al. 2001; Davey et al. 2006; Kulkarni et al. 2012; Parveen et 
al. 2005; Mattei et al. 2013; Khamar et al. 2014; Sullivan et al. 2014). The most used 
technique to detect changes in the liquid state is attenuated total reflectance-Fourier transform 
infrared spectroscopy (ATR-FTIR) although Kulkarni et al. (2012) have successfully used 
Raman spectroscopy to understand the type of bonding between molecules of 
isonicotinamide in different solvents and their relationship to the polymorphic outcome of 
crystallization. Nuclear magnetic resonance (NMR) was used to detect dimers of 
carbamazepine (Hunter et al. 2012) and tolfenamic acid (Mattei and Li 2012) in different 
solvents and neutron scattering for the study of supersaturated solutions of benzoic acid in 
methanol (Burton et al. 2010). Few studies also reported detection of pre-nucleation clusters 
of calcium carbonate, whose structure is related to the polymorphic form nucleated, using 
transmission electron microscopy (TEM) coupled with solid state NMR and IR spectroscopy 
(Gebauer and Cölfen 2011; Gebauer et al. 2008). Pre-nucleation clusters and molecular self-
assemblies are not always possible to detect, nevertheless understanding the effect of solvent 
on the chemistry of the compound studied can help in predicting the polymorphic outcome. 
For example, a simple change in solubility of one polymorph due to the use of a different 
solvent can have a drastic effect on the nucleation outcome since the metastable zones of the 
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possible forms are altered (Trifkovic and Rohani 2007; Khoshkhoo and Anwar 1993). 
Additionally, the chemical interactions between solvent and solute can favour specific 
arrangements of the molecules in the crystal lattice or affect the growth kinetic determining 
the development of specific polymorphs (Weissbuch et al. 2005; Kitamura et al. 2006). 
Furthermore, the level of supersaturation in organic solvents can change the monomer-dimer 
equilibrium and affect the polymorphic form nucleated (Mattei et al. 2012). It has to be noted 
that kinetic conditions (for example the cooling rate during a cooling crystallization) also 
affect polymorphism and have to be taken into account during every thermodynamic study of 
clear solutions. Anthranilic acid and its polymorphism were described in chapter 3 of this 
thesis. This compound can exist in three different polymorphic forms: I, II and III. Form I is 
stable in air at low temperature while form III is the most stable form at higher temperature. 
Form II is enantiotropically related with form I and monotropically related to form III and it 
is metastable at every temperature below the melting point. The initial composition of the 
solvent together with the supersaturation can affect the form of OABA nucleated: under 
suitable conditions of solvent type and supersaturation it is possible to nucleate a mixture of 
form I and II as shown in chapter 6 of this thesis. Form III is usually more difficult to 
nucleate or obtain through polymorphic conversion in solutions below the transition 
temperature (around 50 °C). A peculiar difference between form I and II of OABA is the 
presence of zwitterions in the crystal structure of form I, which are not present in form II; 
therefore, solvents that favour the formation of zwitterions will likely favour the nucleation of 
form I. A Raman spectroscopic characterization of different solutions of OABA was 
performed by Towler and Taylor (2006) but a clear relation between spectra and the 
polymorphic outcome was not found. A recent study was performed to accurately determine 
the equilibrium of the charged and neutral species of OABA in water and several organic 
solvent solutions (Zapala et al. 2009). In the study classical titrations were coupled with 
Ultraviolet/Visible (UV/Vis) spectroscopy in order to determine the percentage of zwitterions 
on the total neutral molecules. UV/Vis, in fact, is sensitive to changes in the amount of 
zwitterions in solution: a shift towards higher wavelength of the peak at 328 nm is observed 
when the zwitterion amount decreases. The maximum amount of zwitterions for OABA is 
around 82 % of the total molecules and can be found in pure water (see Figure 9.1 for the 
equilibrium of OABA species in water). The addition of an organic solvent usually generates 
a decrease in the percentage of zwitterions (Zapala et al. 2009; Murugan et al. 2011); in 
general organic solvents at low dielectric constant favour the unionized form of OABA which 
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tend to arrange itself in dimers (Zapala et al. 2009; Abou-Zied et al. 2013). Isopropyl alcohol 
in particular, if added to water, reduces considerably the dissociation constant of the 
carboxylic groups of OABA (Bosch et al. 1995) generating, consequently, a decrease in the 
zwitterions and a possible increase in dimers. 
 
Figure 9.1: Solution speciation of OABA in water (Zapala et al., 2006). 
 
Because dimers are typically present in form II and zwitterions in form I, solutions at high 
content of an organic solvent should favour the metastable form II, while water rich solutions 
will nucleate preferentially form I. This behaviour was already experimentally confirmed (see 
Chapter 6 of this thesis), but in this work a specific correlation between spectroscopic data of 
solutions of OABA (in particular the position of Raman and UV/Vis peaks in undersaturated 
solutions) and the polymorphic outcome of cooling crystallizations will be studied. 
Attenuated total reflectance ultraviolet/Visible (ATR-UV/Vis) spectroscopy is used together 
with Raman spectroscopy, which is also potentially able to distinguish between zwitterions 
and neutral molecules as shifts or appearance/disappearance of peaks (Bosch et al. 1995; 
Ding and Krogh-Jespersen 1996; Stalin and Rajendiran 2006; Sebek et al. 2009; Susindran, et 
al. 2012; Deplazes et al. 2008; Zhang et al. 2008).  
 
9.2 Methodology, materials and Equipment 
Ortho-aminobenzoic acid, isopropyl alcohol (IPA) and ultrapure water were used as 
compounds for the experiments. The ATR-UV/Vis and Raman immersion probes were used 
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presence of undissolved particles in solution. All experiments were conducted in the 400 mL 
jacketed vessel described in Chapter 3 of this thesis. The data from FBRM, ATR-UV/Vis and 
Huber is transmitted in real-time to the CryPRINS software. Additionally a pH meter 
(Jenway, model 3540) was used to measure the pH in aqueous solutions. The Avantium 
Crystal16 system was used to estimate solubility data of OABA form I and II in different 
mixtures of IPA and water.  
9.2.1 ATR-UV/Vis spectroscopy  
Different preliminary experiments were conducted in order to explore the behaviour of 
UV/Vis in different solutions of OABA in IPA/water mixtures at different compositions. The 
effects of concentration, organic solvent addition and temperature were analysed. Cooling 
crystallization experiments were then conducted using the same cooling rate, starting 
temperature and saturation temperatures but different percentages of IPA in water. ATR-
UV/Vis spectra were then analysed with Matlab 2013a. Additionally, FBRM was used during 
the experiments to ensure the absence of particles during the study of clear solution while a 
Raman probe allowed to determine the polymorphic form nucleated.  
Aqueous solutions experiments (pH, temperature and concentration effect of ATR-UV/Vis 
spectra) 
A set of preliminary experiments was performed on two solutions of OABA in water. The 
solutions were prepared (C=0.0035 g/g solvent) and NaOH or HCl were added with a pipette 
in order to change pH. The pH was recorded together with the ATR-UV/Vis spectra of the 
solutions. The temperature was kept constant at 30 °C in order to have sufficient material 
dissolved in the solution, since OABA is not very soluble in water. FBRM was used during 
the experiment to ensure that nucleation of salts or any other solid didn’t occur. In order to 
study the effect of temperature, a third water solution at high concentration of OABA was 
prepared: pure form I was added and then dissolved. The temperature was then changed from 
70 °C to 40 °C and UV spectra recorded. FRBM was again used to check eventual nucleation. 
The effect of dilution was then determined in a fourth experiment where an aqueous solution 
of OABA was diluted with water (flow rate of 1 mL/min). Temperature was kept constant at 
30 °C with the Huber and complete dissolution of the starting material was determined using 
FBRM. 
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IPA and water mixtures experiments (organic solvent effect on ATR-UV/Vis spectra) 
For the first experiment, solutions at different ratios of IPA and water were prepared using 
the same amount of OABA (1 g of form I in 100 g of solution). The solutions were stirred 
and kept closed in a dry place for two days in order to ensure complete dissolution of the 
solids. The second and last experiment of this section consisted in alternatively pumping 
water and IPA at a flowrate of 2 mL/min to an aqueous solution of initial concentration of 
0.011 g OABA/g water. IPA was first pumped for 30 min, then water for other 30 min, IPA 
and water again. Both solvent and dilution effect on the UV spectra were checked with this 
experiment.  
Cooling crystallizations experiments (link between solution characteristics and 
polymorphic outcome) 
Several cooling crystallization experiments were performed using similar conditions: starting 
temperature at 45-50 °C, cooling rate of -1 °C/min and -0.5 °C/min, initial saturation 
temperature of 30 °C and 40 °C (with respect to form II of OABA).  
Table 9.1: Experiments performed for the ATR-UV/Vis spectroscopy analysis 
Exp. 
number 
Solvent composition 
(IPA % in water) 
Saturation 
temperature (°C) 
Cooling rate 
(°C/min) 
1-10 0%,5%,10%,20%,30% 30 -1 
11-16 0%,5%,10%,20%,30% 30 -0.5 
17-27 0%,5%,10%,20%,30% 40 -1 
28-33 0%,5%,10%,20%,30% 40 -0.5 
 
ATR-UV/Vis spectra were recorded during all crystallization experiments. A Raman 
immersion probe was used to check the polymorphic outcome of the nucleation validated 
using off-line differential scanning calorimetry (DSC) and Raman microscopy of the filtered 
and dried crystals. Table 9.1 shows in detail the conditions of the experiments conducted for 
the analysis of the ATR-UV/Vis spectra in solution. 
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9.2.2 Raman spectroscopy 
In the case of Raman spectroscopy only a part of the experiments performed with the ATR-
UV/Vis could be conducted with satisfactory results. In particular, experiments in pure water 
resulted in a very disturbed signal due to the small concentration of OABA and the high 
tendency of OABA to develop fluorescence. The Raman probe was used for the second 
experiment of section 9.2.2. Cooling experiments were then performed with the same 
methodology reported in the section 9.2.3. Table 9.2 shows the experiments and their 
conditions performed for the analysis of Raman spectra of zwitterionic solutions.  
 
Table 9.2: Experiments performed for the Raman spectroscopy analysis 
Exp. 
number 
Solvent composition 
(IPA % in water) 
Saturation 
temperature (°C) 
Cooling rate 
(°C/min) 
1-7 0%,5%,10%,20%,30% 30 -1 
8-13 0%,5%,10%,20%,30% 30 -0.5 
14-19 0%,5%,10%,20%,30% 40 -1 
20-24 0%,5%,10%,20%,30% 40 -0.5 
 
The choice of Raman spectroscopy instead of the more traditional FTIR spectroscopy is 
mainly due to the characteristics of the system studied. The solvents used in this work were 
pure water or mixtures of water/IPA with relatively low content of OABA (because of its 
poor solubility). Water has very broad and intense peaks in the FTIR spectrum, which tend to 
overlap with the OABA signal and make the interpretation of the data very difficult 
especially for diluted solutions. Raman spectroscopy is still a vibrational technique, which 
can give similar information to FTIR, but it has a very weak signal from water and, therefore, 
was found to be more suitable for the studied system.  
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9.3 Results and discussions for using ATR-UV/Vis spectroscopy for linking 
solution spectra to polymorphic outcome 
9.3.1 Aqueous solutions experiments 
The first step of the experimental work was to determine the capability of the available ATR-
UV/Vis probe to detect changes in the amounts of the different ionic species in water. 
Experiments were conducted at 30 °C since OABA is poorly soluble in water at ambient 
temperature. Data from Zapala et al. (2009) were used to calculate the percentage of 
zwitterions over the total neutral species (Table 9.3). Those equilibrium data are measured at 
25 °C, therefore the absolute values calculated may slightly differ from the actual ones. 
NaOH was added to the first solution of water and OABA to increase the pH, while HCl was 
added to the second identical solution in order to decrease its pH. Spectra of the solutions at 
different pH values are shown in Figure  9.2 while calculated equilibrium percentages of the 
ionic species in solution are reported in Table 9.3 (equilibrium data were taken from Zapala 
et al. 2009). 
 
 
 
In Figure  9.2a and b, a shift towards lower or higher wavelengths in the main peak of OABA 
(at around 330 nm) and a baseline shift of the whole spectrum can be noticed as pH changes. 
This behaviour is consistent with the literature (Zapala et al. 2009; Abou-Zied et al. 2013). 
The positions of the UV peak reported in Table 9.3 are calculated from the first derivative of 
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Figure 9.2: UV/Vis spectra of OABA in water at different pH values during the two experiments. 
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the spectrum using the Matlab function polyxpoly that finds the intersection between the UV 
signal and the x-axis.  
Table 9.3: Equilibrium at different pH for aqueous solutions of OABA (combined data from experiments with two 
identical solution and addition of either NaOH or HCl from the equilibrium point) 
 
pH Specific peak of 
OABA 
Positive 
(%) 
Neutral 
(%) 
Negative 
(%) 
Zwitterion 
(%) 
Non-Ionic 
(%) 
- Peak position 
(nm) 
B-NH3+-
COOH 
Z+N B-NH2-
COO- 
B-NH3+-
COO- 
B-NH2-
COOH 
Addition of HCl 
3.28 331.2 0.072 0.903 0.025 0.808 0.095 
2.85 330.8 0.175 0.817 0.008 0.731 0.086 
2.65 330.4 0.252 0.743 0.005 0.665 0.078 
2.5 329.8 0.323 0.674 0.003 0.603 0.071 
2.4 329.3 0.375 0.623 0.002 0.557 0.065 
2.3 328.7 0.431 0.568 0.002 0.508 0.060 
Addition of NaOH 
3.58 326.1 0.036 0.913 0.050 0.817 0.096 
4.18 325.7 0.008 0.814 0.178 0.728 0.086 
4.49 324.1 0.003 0.689 0.308 0.616 0.072 
4.73 322.3 0.002 0.562 0.436 0.503 0.059 
4.98 320.4 0.001 0.420 0.580 0.376 0.044 
5.25 318.3 0.000 0.280 0.720 0.251 0.029 
 
Temperature and concentration of OABA can also generate a shift of the analysed peak as 
shown in Figure 9.3a and b. Temperature does not seem to have a significant effect on the 
studied region. In fact, there is a shift of less than 1 nm related to a change in temperature of 
over 25 °C. A variation in the concentration from 0.0082 to 0.0118 g/g solvent also generates 
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a similar amount of peak shift. However, in order to compensate those effects on the UV peak 
position all measurements in the cooling crystallization section will be taken at the same 
temperature and similar supersaturations.  
 
 
Figure 9.3: (a) Effect of temperature at C=0.019 (b) Effect of dilution in water and IPA. 
 
The sensitivity of the instrument available is about 1 nm, which is in similar range with the 
peak shifts observed; therefore, it is difficult to find a specific quantitative correlation 
between concentration, temperature, pH and the peak position. Nevertheless, the presence of 
a trend in the shown data is clearly visible, not only in the peak positions calculated from the 
first derivative (shown in Table 9.3) but even in the raw spectra shown in Figure  9.2, and can 
give useful qualitative information. 
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The calculation of the first derivative allows the determination of the UV peak maximum 
with higher precision compared to the analysis of the raw spectrum and compensates in 
certain extent the low sensitivity of the instrument. If the change in the data was too close to 
the sensitivity of the instrument it would not be possible to see a clear trend between the peak 
position and the pH, temperature and concentration, since in this case only noise would be 
present. Nevertheless, a quantitative analysis cannot be performed and data has to be 
interpreted qualitatively only. 
9.3.2 IPA and water mixtures experiments 
Once the analysis of the system water-OABA was concluded the organic solvent IPA was 
introduced in the system and its effect was studied. Anthranilic acid mainly exists in the non-
ionized form in organic solvent with low dielectric constant (such as methanol, IPA, ethanol 
or dioxane), whereas the molecules are ionized in water as shown in the previous studies. The 
spectroscopy of OABA in water-organic mixtures is quite complicated as spectral changes 
are due not only to the solvent effect but also to structural changes in the molecule. Usually 
buffer and organic solution mixtures are studied in order to have specific information on the 
chemical species in solution (Zapala et al. 2009; Abou-Zied, et al. 2013; Takacs-Novak and 
Tam 2000; Takacs-Novak et al. 1994). The addition of an organic solvent to the buffer 
containing OABA generates an increase in the absorbance and a shift of the specific peak 
around 328 nm to higher wavelengths (Abou-Zied et al. 2013). In this study water was used 
since it is the common solvent for batch crystallization. Because of the complexity of the 
system (the pH of de-ionized water is more difficult to control compared to a buffer solution), 
the results shown might not be as accurate as in other studies but it was still possible to find a 
good correlation between the ATR-UV/Vis peak position and the amount of organic solvent 
in solution (which is related to the zwitterions content). First of all, different solutions at the 
same concentration of OABA in g/g solvent but different IPA/water ratio were prepared. 
ATR-UV/Vis spectra were collected and the peak position was determined using Matlab.  
Table 9.4 shows the peak position in the different mixtures. A clear trend can be noticed 
between percentage of IPA in solution and position of the UV peak as shown in Figure 9.4b. 
This trend is similar to the one found by Abou-Zied et al. (2014) with dioxane and buffer 
mixtures. 
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Table 9.4: OABA peak position as a function of the % of IPA in solution 
% IPA in solution 
(w/w) 
Peak maximum 
(nm) 
10 332.8 
30 334.5 
50 336.1 
70 336.9 
100 337 
 
Figure  9.4a shows the raw spectra for different mixtures of IPA and water while Figure  9.4b 
shows the position of the peak as a function of the amount of IPA in solution. The UV/Vis 
peak of OABA shifts to higher wavelengths as the amount of neutral molecules over 
zwitterions increases. The peak position does not change much from 75 % to 100 % of IPA 
indicating that probably all the molecules are already all non-ionized in solutions of 75 % 
IPA.  
 
Figure 9.4: (a) UV/Vis spectra of OABA solutions of different IPA/water composition and (b) OABA peak 
position as a function of the % of IPA in solution. The solid line is a guide for the eye. 
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The second experiment of this section was conducted using a peristaltic pump and mixing an 
aqueous solution of OABA with a combination of water and IPA at controlled constant 
temperature. The purpose of this experiment was to qualitatively show how the analysed peak 
shifts with the addition of IPA or water and to check the presence of an eventual dilution 
effect. The results can be observed in Figure 9.5. The flowrate was of 2 mL/min and water 
and IPA were pumped alternatively for about 30 min, twice. The peak shifts to higher 
wavelengths during the addition of IPA, and then goes back when water is added. A slight 
dilution effect can be noticed; in fact, after the addition of the water for the first time the peak 
position is not the same as at the beginning of the experiment. However these trends clearly 
indicate that the shift in the peak position is due to the zwitterion equilibrium governed by the 
water/IPA composition in the system. The experiment was repeated several times using 
slightly different conditions (flow rate of IPA, initial concentration and even organic solvent 
pumped) and a clear shift was always observed indicating that a genuine trend in the UV/Vis 
spectrum is present when modifying the solvent composition. In conclusion, in this section, 
the capability of the available UV instrument in detecting changes in the ionic content of the 
solution was demonstrated. The simple Matlab code described in the previous section 
allowed the calculation of the exact position of the OABA peak. 
 
 
Figure 9.5: Effect of IPA and water addition to an aqueous solution of OABA. 
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between polymorphic outcome and position of the UV peak maximum. Raman spectroscopy 
was used to check the polymorphic form nucleated while FBRM determined the moment of 
dissolution and nucleation. Solubility data for the different solvents were measured using the 
Avantium Crystal16 (see Figure 9.6a and b). 
 
Figure 9.6: Solubility data of OABA (a) form I and (b) form II in different IPA/water mixtures and pure 
water. Data from Crystal16. 
 
This system can give quickly and easily just an indication of the solubility for the design of a 
crystallization experiment, but for more accurate solubility data other methods (gravimetric 
of spectroscopic techniques for example) were proved to be more reliable.  
Cooling crystallization experiments were carried out in order to establish, given the kinetic 
conditions, the positions of the UV/Vis maximum over which only form II nucleates, and 
below which only form I can appear during crystallization. All measurements were recorded 
in undersaturated conditions and at the same temperature (50 °C) in order to be able to 
compare the results. Figure 9.7 shows the results for solutions at different percentage of IPA 
in water, and same saturation temperature of around 30 °C. The maximum peak positions in 
the solution are shown with the polymorphic outcome of the crystallization. Two cooling 
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polymorphic outcome at -1 °C/min and Tsat= 30 °C is at 10 % IPA and corresponds to a 
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y = 8E-10e0.0534x 
R² = 0.9999 
y = 7E-09e0.0487x 
R² = 0.9726 
y = 2E-10e0.0624x 
R² = 0.9921 
y = 5E-07e0.0306x 
R² = 0.9967 
0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
290 300 310 320 330
C
on
ce
nt
ra
tio
n 
(g
/g
 s
ol
ve
nt
) 
Temperature (K) 
10IPA
20IPA
30IPA
Water
y = 2E-09e0.0513x 
R² = 0.999 
y = 1E-10e0.0619x 
R² = 0.9989 
y = 9E-14e0.088x 
R² = 0.9842 
y = 9E-08e0.0371x 
R² = 0.9672 
0
0.01
0.02
0.03
0.04
0.05
0.06
280 300 320 340
C
on
ce
nt
ra
tio
n 
(g
/g
 s
ol
ve
nt
) 
Temperature (K) 
10IPA
20IPA
30IPA
Water
(a) (b) 
Chapter 9: A link between the ATR-UV/Vis and Raman spectra of zwitterionic 
solutions and the polymorphic outcome in cooling crystallization 
175 
__________________________________________________________________________________ 
_______________________________________________________________________________ 
Application of process analytical technology (PAT) tools for the better understanding and control 
of the crystallization of polymorphic and impure systems 
cooling rate, over 331 nm only form II was nucleated, while form I resulted from solutions at 
peak positions below that value. 
 
Figure 9.7: (a) Polymorphic outcomes for solutions at Tsat=30 °C and a cooling rate of -1 °C/min. (b) 
Polymorphic outcomes for solutions at Tsat=30 °C and a cooling rate of -0.5 °C/min. 
 
Figure 9.8 shows results for the cooling crystallizations of higher concentration solutions 
(around 40 °C saturation temperature). In the case of low cooling rate (-0.5 °C/min), again, 
331 nm seems to be the limit peak position to nucleate pure form I or II. For the high cooling 
rate, pure form II was obtained from a solution with the peak at around 329.5 nm and pure 
form I nucleated at 330 nm of maximum peak position.  
 
Figure 9.8: (a) Polymorphic outcomes for solutions at Tsat=40 °C and a cooling rate of -1 °C/min. (b) Polymorphic 
outcomes for solutions at Tsat=40 °C and a cooling rate of -0.5 °C/min. 
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Nevertheless, over 331 nm only form II was obtained in accordance with the other cooling 
crystallizations, while form I can be exclusively obtained if the peak maximum is below 
328.5 nm. In both Figure 9.7 and Figure 9.8 a clear trend for the position of the peak 
maximum as a function of the IPA percentage in solution can be noticed, similarly to the one 
shown in Figure 9.5. However, some of the solutions of OABA in pure water present a higher 
maximum peak wavelength compared to the trend of the other mixtures. This is probably due 
to the fact that equilibrium in pure water is more complex compared to organic solvent 
mixtures as mentioned by both Zapala et al. (2009) and Abou-Zied et al. (2014). 
 
9.4 Results and discussion for using Raman spectroscopy for linking solution 
spectra to polymorphic outcome 
The Raman spectra of solid forms I and II were analysed and, using tables and information 
from the literature, typical vibrations were tentatively assigned to the strongest peaks 
(Susindran et al. 2012; Samsonowicz et al. 2005; Colthup et al. 1975). The most significant 
peaks and their assignment are shown in Table 9.5.  
Using the immersion Raman probe, additional peaks from the sapphire window appear in the 
Raman spectra, together with the peaks of the solvent (IPA only in this case since water does 
not have strong Raman peaks). Furthermore, because of the interaction between solute and 
solvent some of the OABA peaks can be shifted from their position in the solid spectrum. 
Also, the intensities of the peaks in solution and slurries depend on the concentration of 
OABA; therefore, in diluted systems some of the peaks shown in Table 9.5 are not clearly 
visible. The form I peak at around 1037 cm-1 (which is at 1031 cm-1 for form II) is associated 
to the ring vibration and it is easily detectable in solutions with the immersion probe even at 
low concentration; hence it was chosen as the reference peak in the cooling crystallization 
experiments. The position of the peak during these experiments was calculated using the 
function polyxpoly in Matlab applied to the first derivative Raman spectra similarly to the 
previous section. The position was then compared to the polymorphic outcome of the cooling 
crystallizations. 
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Table 9.5: Selected peaks of Raman spectra of solid form I and form II of OABA. Aromatic ring vibration types 
assigned using the nomenclature from Versanyi (1973) 
Solid form I Solid form II Frequency assigned 
563  NH2 symmetric out of plane bending (Samsonowicz et 
al. 2005)  
667  Ring vibration 4 (Samsonowicz et al. 2005)   
770 769 Ring vibration 11 (Samsonowicz et al. 2005)   
800  Ring vibration 17a (Samsonowicz et al. 2005)    
933  OH out of plane bending (Samsonowicz et al. 2005)   
1037 1031 Ring vibration 12 (Samsonowicz et al. 2005)   
1166 1165 Ring vibration 13 (Samsonowicz et al. 2005) 
1199  Ring vibration (Colthup et al. 1975) 
1238 1240 C-OH stretching (Samsonowicz et al. 2005)   
1370 1348 C-N stretching (Samsonowicz et al. 2005) 
 1434 Ring stretching (Colthup et al. 1975) 
 1565 Ring stretching, doublet (Colthup et al. 1975)  
1601  Ring vibration 8b (Samsonowicz et al. 2005)   
 1624 C=O cyclic dimer symmetric stretching (Colthup et al. 
1975)  
1660  C=O stretching (Samsonowicz et al. 2005)  
 
Results are shown in Figure 9.9a and b (saturation temperature of 30 °C) and Figure 9.10a 
and b for saturation temperature of 40 °C.  
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Figure 9.9: (a) Polymorphic outcomes for solutions at Tsat=30 °C and a cooling rate of -1 °C/min.  (b) Polymorphic 
outcomes for solutions at Tsat=30 °C and a cooling rate of -0.5 °C/min. 
 
It can be noticed that the position of the ring vibration peak in clear solution is shifted to 
higher Raman shifts compared to the solid samples. The maximum Raman shift is around 
1038 cm-1 for pure water solution which presents the maximum amount of zwitterions and 
leads to nucleation of mainly form I. Increasing the amount of IPA (and decreasing the total 
zwitterions in solution) moves the peak to lower Raman shift and generates nucleation of 
form II only. A decreasing trend is clearly visible and a comparison between solid samples 
and solutions can be made. In solid form I the analysed peak is at a higher Raman shift 
compared to form II. Similarly, solutions that nucleated form I presented the peak at higher 
Raman shift compared to solutions nucleating form II. Even for Raman spectroscopy, a 
maximum wavelength above which only form I is nucleated can be distinguished: in none of 
the experiments at saturation temperature of 30 °C form II was nucleated if the peak position 
was at a Raman shift higher than 1036 cm-1. At higher saturation levels, similarly to the case 
of ATR-UV/Vis, a mixture of polymorphs was obtained at a Raman shift of 1037 cm-1 but 
only form II could be nucleated if the peak position was lower than around 1036 cm-1.  
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.  
Figure 9.10: (a) Polymorphic outcomes for solutions at Tsat=40 °C and a cooling rate of -1 °C/min. (b) Polymorphic 
outcomes for solutions at Tsat=40 °C and a cooling rate of -0.5 °C/min. 
 
To confirm that the shift of this peak is really associated to the amount of zwitterions, Raman 
data were analysed for the experiment show in Figure 9.5 (addition of IPA and water at a 
solution of OABA).  
 
Figure 9.11: Effect of IPA and water addition of Raman spectrum of an OABA aqueous solution. 
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1032
1033
1034
1035
1036
1037
1038
0% 10% 20% 30% 40%
Pe
ak
 s
hi
ft 
(c
m
-1
) 
% of IPA 
Form I
Mixture
Form II
(a) 
1032
1033
1034
1035
1036
1037
1038
0% 10% 20% 30% 40%
Pe
ak
 s
hi
ft 
(c
m
-1
) 
% of IPA 
Form I
Form II
(b) 
1034.5
1035
1035.5
1036
1036.5
1037
1037.5
1038
0 20 40 60 80 100 120
Pe
ak
 s
hi
ft 
(c
m
-1
) 
Time (min) 
IPA addition Water 
addition 
IPA addition Water addition 
Chapter 9: A link between the ATR-UV/Vis and Raman spectra of zwitterionic 
solutions and the polymorphic outcome in cooling crystallization 
180 
__________________________________________________________________________________ 
_______________________________________________________________________________ 
Application of process analytical technology (PAT) tools for the better understanding and control 
of the crystallization of polymorphic and impure systems 
indicate that the shift in the position of the Raman peak is due to the amount of zwitterions in 
the solution governed by the IPA/water composition and provide evidence that peak position 
of Raman and UV/Vis spectra of the clear solutions can be correlated with the polymorphic 
outcome of the crystallization of zwitterionic compounds. The approach presented here could 
be potentially used for the design of suitable solvent system for the consistent production of 
the desired polymorphs of OABA. 
 
9.5 Conclusions 
In this work a link between polymorphic outcome of a cooling crystallization and UV/Vis 
and Raman spectra of the clear solutions was found for anthranilic acid. Limit positions for a 
typical UV/Vis and Raman peak of OABA, over which only form II was nucleated and below 
which only form I resulted, were determined. The limit value for the UV peak position was 
found to be 331 nm at cooling rates of 0.5 °C/min and saturation temperatures of 30 °C and 
40 °C. For a cooling rate of -1 °C/min and saturation temperature of 30 °C, 331 nm is still the 
limit peak position to obtain pure form I, whereas for higher OABA concentration it was 
found that pure form II is always obtained above 331 nm and pure form I always nucleates 
below 328 nm. For Raman spectroscopy the limiting value of the studied peak was found to 
be 1036 cm-1 for all the experiments. These results can be used to predict nucleation of 
zwitterions polymorph for UV and Raman sensitive substances and to design suitable solvent 
systems that favour the consistent production of the desired polymorphic form. 
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10 Tailoring crystal shape and polymorphism using combinations of 
solvents and a structurally related additive 
 
In this chapter the effects of combinations of solvents and a structurally related additive on 
the cooling crystallization of ortho-aminobenzoic acid (OABA) are studied. Variations in 
nucleation kinetics, growth, agglomeration and polymorphism of the studied compound 
are presented and explained. 
 
10.1 Introduction 
The choice of solvent has a very strong effect on the polymorphic outcome of cooling 
crystallization, as well as pH, kinetics conditions and presence of impurities. It is well 
known that certain impurities or additives present during crystallization can have a 
profound effect on the properties of the crystals produced in term of their size distribution, 
shape/aspect ratio, polymorphic form and crystalline purity. In this chapter the 
crystallization of ortho-aminobenzoic acid (OABA) in the presence of a structurally related 
additive (benzoic acid, BA) will be analysed using both in situ PAT tools and offline 
techniques. OABA is a quite complex system to study and the morphology and 
polymorphic form of its crystals are strongly related to the solvent used and the kinetic 
conditions of crystallization as shown in the previous chapters of this thesis. The stable 
form of BA has a monoclinic structure (Sim et al. 1955) and its ability to form dimers with 
its derivatives has been frequently used to form co-crystals and solid solutions (Dubey and 
Desiraju 2014; Brittain 2009b; Brittain 2009a; Seaton and Parkin 2011) or simply to alter 
the morphology of growing crystals (Mullin 2001).  
Cooling crystallization experiments from different solvents and with different ratios of BA 
and OABA were performed with the final aim of demonstrating how BA, in combination 
with a specific solvent, can be efficiently used to control morphology and polymorphism 
of an organic zwitterionic compound.  
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10.2 Materials and equipment 
Benzoic acid and ortho-aminobenzoic acid were used as solid compounds for the 
experiments in water and mixtures of water and IPA (10 and 20% IPA). The Raman probe 
was used together with the ATR-UV/Vis and the FBRM probes during all the experiments. 
The crystals after filtration and drying were analysed using both off-line Raman and ATR-
FTIR spectroscopy. Additionally, X-ray powder diffraction (XRPD) and differential 
scanning calorimetry (DSC) analyses were performed. The level of BA incorporated in the 
OABA crystals was measured using high pressure liquid chromatography (HPLC). 
10.2.1 HPLC analysis 
The type of column used was an Analytical Column Waters Spherisorb® 5 μm C8 4.6x250 
mm. The mobile phase for the HPLC analysis was constituted by water at pH=2 (deionized 
water from a Millipore Elix 5 and pH adjusted with 𝐻𝐻3𝑃𝑃𝑃𝑃4 from Fisons Analytical Agents) 
and methanol (Fisher Scientific). The composition of the mobile phase changed gradually 
during the measurement from 50/50 (w/w) to 40% w/w water and 60% w/w methanol. The 
flow rate used was 1 mL/min and measurements lasted 10 minutes. The injection volume 
was 5μL and the wavelength used was 230 nm. Calibration samples were prepared at 
different ratios of benzoic acid and water and a univariate model was developed using the 
ratio between the BA and OABA peaks’ areas. The relation between BA and OABA ratio 
and the ratio of the two peaks' areas was found to be well described by a second order 
polynomial. 
 
10.3 Methodology 
Three different solvents were used for the experiments: pure water, water with 10% IPA 
(w/w) and water with 20% IPA (w/w). Two levels of OABA saturation temperature were 
used (about 35 and 45 °C with respect to form I) for each solvent; each experiment was 
repeated at least three times to check consistency. Table 10.1 shows the conditions used in 
the experiments performed. Solid OABA was added to the solvent and the temperature 
was raised to 50 °C in order to dissolve all the particles. The solution was kept at high 
temperature (50 °C) for 20-30 minutes and then cooled down at a rate of -1 °C/min; the 
final temperature was determined from the solubility data of benzoic acid in order to be 
always in undersaturated conditions for this compound (between 10 and 25 °C). Then a 
small amount of solid benzoic acid was added to the slurry and the solution was heated up 
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again and then cooled down with the same previous cooling rate. More consecutive 
additions of benzoic acid in the same solution were performed maintaining the same 
kinetic conditions (initial temperature and cooling rate) but increasing the ratio of BA to 
OABA in solution. In situ probes, including PVM, FBRM and UV were used to detect 
nucleation and monitor OABA concentration and crystals during the experiment, while in 
situ Raman was used to determine the polymorphic form nucleated. A 5 mL sample was 
taken at the end of the temperature profile in order to observe closely the morphology 
(using an optical microscope) and the polymorphic form (using ATR-FTIR, XRD and a 
Raman microscope) of the crystals. Raman was also found very useful in detecting the 
presence of benzoic acid in solid solution in the crystals of OABA nucleated.  
 
Table 10.1: Experimental conditions used 
Experiment 
number 
Solvent 
OABA 
concentration (g/g 
solvent) 
Maximum 
BA/OABA 
(w/w) 
1 Water 0.0097 0.25 
2 Water 0.0096 0.18 
3 Water 0.0098 0.16 
4 Water 0.0099 0.14 
5 Water 0.0067 0.25 
6 Water 0.0069 0.34 
7 Water 0.0069 0.41 
8 10% IPA 0.0089 0.29 
9 10% IPA 0.0087 0.39 
10 10% IPA 0.0088 0.40 
11 10% IPA 0.0148 0.19 
12 10% IPA 0.0148 0.21 
13 10% IPA 0.0148 0.26 
14 10% IPA 0.0148 0.34 
15 20%IPA 0.0298 0.27 
16 20%IPA 0.0299 0.27 
17 20%IPA 0.0298 0.10 
18 20%IPA 0.0163 0.35 
19 20%IPA 0.0162 0.53 
20 20%IPA 0.0162 0.64 
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Additionally, DSCs were also conducted for some samples in order to double check the 
crystal structure and the benzoic acid incorporation. The choice of the solvents was based 
on the results shown in chapter 9 where it was found that deionized water (which contains 
the highest amount of OABA zwitterions in solution, about 82% of the total molecules) 
favours the crystallization of the zwitterionic polymorph Form I, while mixtures of IPA 
and water (where non-ionized molecules prevail on zwitterions in solution) favour 
nucleation of the metastable form II. Form III was never observed during the cooling 
crystallization experiments of chapter 9. According to the current literature this polymorph 
is extremely difficult to nucleate from solution and it is usually obtained by sublimation, or 
trough solvent mediated or melt transformation at high temperature.  
10.3.1 Transformation experiments 
In order to study the incorporation of BA in the three OABA polymorphs and its effect on 
the kinetics of polymorphic conversion, few transformation experiments in water and 10% 
IPA w/w were performed. Mixtures of form II and III were nucleated in the presence of 
different amounts of benzoic acid and the polymorphic transformation at 20 °C from II to 
III and then to I was monitored. The cooling rate and starting temperature were the same as 
the experiments described in the previous section. Samples were taken and analysed with 
both ATR-FTIR and HPLC. 
 
10.4 Results and discussion 
10.4.1 Polymorphic outcome in the three solvents 
In pure water about 82% of the molecules of OABA are in the form of zwitterions while 
the rest are neutral (Zapala et al. 2009). This condition favours nucleation of form I during 
cooling crystallizations as shown in Figure 10.1. The addition of benzoic acid to the 
OABA solutions in water does not change significantly the chemical equilibrium: the 
change in pH associated to the addition of about 2600 ppm of benzoic acid is only from 
3.53 to 3.29 (corresponding to a decrease in the zwitterions of less than 1%). For small 
BA/OABA ratios in water form I was always nucleated while, at higher ratios, mixtures of 
form I and III or pure form III were obtained. Form II was rarely nucleated, practically it 
was observed only once, and in mixture with form III from highly concentrated solution. 
Unfortunately it is not possible to clearly distinguish forms II and III with the in situ 
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Raman probe since the spectra of these two polymorphs are very similar. Analysing the 
filtrated and dried crystals with a Raman microscope also did not help since differences are 
minimal so ATR-FTIR was used to unequivocally determine the form nucleated. From III 
was consistently observed nucleating in water together with form I when the weight ratio 
between benzoic acid and ortho-aminobenzoic acid in solution was between 0.1-0.3. At 
ratios higher than about 0.35 all the crystals nucleated were form III. The transformation 
kinetics observed for form III was very slow. Slurries of form III in water were kept and 
stirred at 10 °C for 12-18 hours and transformation did not even start. In case of nucleation 
of both form III and form I a polymorphic transformation from form III to I was observed 
but still, was found to be very slow. 
 
Figure 10.1: (a) Normalized nucleation temperatures recorded with FBRM for the experiments in water at about 
45 °C and 35 °C saturation (b) Normalized nucleation temperatures recorded with PVM or UV for the 
experiments in water at about 45 °C and 35 °C saturation. Normalization is done dividing every nucleation 
temperature, for each saturation value, by the nucleation temperature with no benzoic acid. The ratio BA/OABA 
is calculated considering the density of the slurry at the sampling temperature 1 kg/L. 
 
The normalized nucleation temperature (calculated by dividing the nucleation temperature 
of each crystallization experiment by the one recorded for the solution of OABA with no 
BA) varies between 0.7 and 1.2 but there is not a clear trend with the increase of the 
BA/OABA ratio. The solubility of OABA in the presence of BA in water was measured 
using a gravimetric method and a moderate difference in solubility was found for 
temperatures lower than 20 °C (at 15 °C and BA concentration of 0.0027 g/g solvent the 
solubility of OABA was 0.0024 g/g solvent against 0.0032 g/g solvent measured in water 
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only). This change of about 25% in solubility concentration can explain the variability in 
the normalized nucleation temperature especially at low concentration of benzoic acid. 
Form III of OABA was obtained at high BA/OABA ratio also in the other two solvents 
tested, 10% w/w IPA/water and 20% w/w IPA/water (see Figure 10.2 and Figure 10.4). In 
10% w/w IPA/water form II or mixtures of form I and II were nucleated in the absence of 
BA. This specific solvent composition is characteristic because it can generate nucleation 
of a mixture of form I and II depending on the kinetic conditions (as shown in chapter 6). 
However, the addition of a certain amount of benzoic acid favoured, instead, the 
nucleation of form III without a significant change in the nucleation temperature as shown 
in Figure 10.2. Form III started nucleating together with form II at ratios BA/OABA in 
solution of 0.08-0.1 similarly to the experiments in water only. Only form III was obtained 
for BA/OABA ratios above 0.25-0.3. 
 
 
Figure 10.2: (a) Normalized nucleation temperatures recorded with FBRM or Raman for the experiments in 10% 
IPA/water at about 45 °C and 35 °C saturation (b) Normalized nucleation temperatures recorded with PVM or 
UV for the experiments in 10% IPA/water at about 45 °C and 35 °C saturation. Normalization is done dividing 
every nucleation temperature, for each saturation value, by the nucleation temperature with no benzoic acid. The 
ratio BA/OABA is calculated considering the density of the slurry at the sampling temperature 1 kg/L. 
 
Figure 10.3 shows the ATR-FTIR spectra of the solid samples (washed, filtered and dried) 
obtained during one of the experiments in 10% w/w IPA/water solvent. The first sample 
nucleated is a mixture of form I and II, then only form II is obtained and finally mixtures 
of II and III with an increasing amount of form III as the ratio BA/OABA increases. The 
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region between 3200 and 3600 cm-1 contains enough information to distinguish the three 
polymorphs and it also does not contain peaks from the benzoic acid (Carter, Ward 1994). 
Form I is characterized by two broad peaks at 3315 and 3228 cm-1, Form II presents one 
peak at 3470 cm-1 and one at 3370 cm-1 while Form III has two sharp peaks at 3490 and 
3380 cm-1. Mixtures of polymorphs present three or four peaks in positions and intensities 
that depend on the type of polymorph and its amount in the mixture. 
 
Figure 10.3: ATR-FTIR spectra of solid samples after filtration. The graph has IR wavenumbers on the x-axis, 
ratio between benzoic acid and OABA on the y-axis and absorbance intensity on the z-axis.  
 
In 20% IPA and water form I was never nucleated but only form II, mixtures of form II 
and III (with increasing concentration of form III with the increase in BA/OABA ratio) 
and finally form III only were obtained. Similarly to the other solvents, form III started 
nucleating in mixtures with form II for BA/OABA ratio higher than 0.1. For ratios above 
0.4 only form III nucleated. In the two IPA/water mixtures tested the variation in 
normalized nucleation temperature is even smaller than in water: nucleation happened at 
roughly the same temperature for all experiments at a given saturation (as shown in Figure 
10.2 and Figure 10.4). The solubility of OABA in the presence of BA was measured with a 
gravimetric method even for these two solvents. It was found that BA does not 
significantly affect solubility of OABA in 10% and 20% IPA/water mixtures. However, 
the solubility of the solid solution BA/Form III in the three solvents tested might be lower 
than the solubility of pure form III and, therefore, the nucleation of the solid solution could 
be more kinetically favourable than in the case of the pure polymorphs. Another possibility 
is that benzoic acid in solution could lower the surface energy for nucleation of the crystals 
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of form III favouring the formation of that polymorph similarly to what is described and 
calculated by Sun et al. for the aragonite/calcite system (Sun et al. 2015). The results of 
this study shows that the presence of atoms of Magnesium in water (in a ratio with the ions 
Mg:Ca>2) favours the nucleation of the metastable form of calcium carbonate, aragonite, 
instead of the stable calcite. Surface energies were obtained by density functional theory 
(DFT) calculations of hydrated calcium carbonate surface slabs with partial Mg2+ 
substitution and showed that the incorporation of Magnesium on the calcite can drastically 
inhibit its nucleation (Sun et al. 2015). 
 
 
Figure 10.4: (a) Normalized nucleation temperatures recorded with FBRM for the experiments in 20% IPA/water 
at about 45 °C and 35 °C saturation (b) Normalized nucleation temperatures recorded with PVM or UV for the 
experiments in 20% IPA/water at about 45 °C and 35 °C saturation. Normalization is done dividing every 
nucleation temperature, for each saturation value, by the nucleation temperature with no benzoic acid. The ratio 
BA/OABA is calculated considering the density of the slurry at the sampling temperature 1 kg/L. 
 
The system BA/OABA presents many similarities to what was calculated by Sun et al. In 
fact, OABA form III is always nucleated above certain ratios of BA/OABA in solution. 
However, surface energy measurements as well as molecular dynamics calculations would 
be necessary to strongly confirm the validity of the hypothesis suggested also for the 
BA/OABA system. 
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10.4.2 Incorporation of benzoic acid in the three polymorphs 
The crystals obtained at the end of the crystallizations were analysed with HPLC in order 
to quantify the amount of BA incorporated. Figure 10.6 shows the results of the analysis 
for samples crystallized in the three solvents as well as the polymorphic form of each 
sample. There seems to be a linear correlation between the amount of benzoic acid 
incorporated in the ortho-aminobenzoic crystals and the BA/OABA ratio in solution which 
is typical of solid solutions. Further solid state analyses were conducted in order to confirm 
that BA was actually incorporated in the crystal structure of OABA and the samples were 
not physical mixtures of BA and OABA. DSC was performed on the samples and showed 
a single melting peak whose temperature decreased linearly with increasing the amount of 
BA in the sample (from 148.8 °C at 0% w/w BA to 127.5 °C at 34% w/w BA as shown in 
Figure 10.5). 
 
 
Figure 10.5: DSC results for several solid solutions of BA and OABA (form II and III). 
 
Furthermore, XRPD of the samples at high amount of BA showed the same peaks of the 
pure polymorphs (although broader or slightly shifted because of the presence of BA 
molecules in the crystal structure) confirming the presence of a single phase. Raman and 
ATR-FTIR were also performed and while the FTIR spectra did not show any BA peaks, it 
was possible to notice a specific peak of BA in the Raman spectra at 1005 cm-1 whose 
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intensity increased with increasing amount of BA incorporated. In Figure 10.6a it is 
possible to notice that the incorporation of BA in form I is linear but considerably lower 
than in form II or III with equal ratio BA/OABA in solution.  
 
Figure 10.6: Percentage of BA incorporated in the crystals versus the ratio BA/OABA in water (b) 10% IPA in 
water and (c) 20% IPA in water. 
 
This phenomenon can be explained comparing the crystal structure of the three 
polymorphs. Form II and III are characterized by carboxylic acid dimers arranged in the 
crystal lattice without any intermolecular hydrogen bonds involving the amino groups of 
OABA, while form I presents both intermolecular and intramolecular hydrogen bonds 
0%
5%
10%
15%
20%
25%
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
%
 B
A 
in
 th
e 
so
lid
 (g
/g
) 
BA/OABA in water (g/g) 
Water, Form I
Water, Form I and III
Water, Form III
Linear (Water, Form I)
0%
5%
10%
15%
20%
25%
30%
35%
40%
0.0 0.2 0.4 0.6
%
 B
A 
in
 th
e 
so
lid
 (g
/g
) 
BA/OABA in 20% IPA and water (g/g) 
10% IPA, Form II
10%IPA, form II and III
10%IPA, Form III
0%
5%
10%
15%
20%
25%
30%
35%
40%
0.0 0.2 0.4 0.6 0.8
%
 B
A 
in
 th
e 
so
lid
 (g
/g
) 
BA/OABA in 10% IPA and water (g/g) 
20%IPA, Form II
20%IPA, Form II and III
20%IPA, Form III
(a) 
(b) (c) 
Chapter 10: Tailoring crystal shape and polymorphism using combinations of 
solvents and a structurally related additive 
191 
_________________________________________________________________________ 
_______________________________________________________________________________ 
Application of process analytical technology (PAT) tools for the better understanding and 
control of the crystallization of polymorphic and impure systems 
between the carboxylic acid and the amino group. Besides BA is a weak acid with pKa= 
4.2: in aqueous solution saturated at 25 °C less than 5% of the BA molecules are in the 
ionic form. In its undissociated form BA can easily substitute a molecule of OABA in the 
dimers of form II and III and be incorporated in their crystal structure. BA can still form 
hydrogen bonds with the carboxylic groups of OABA of form I but then it will prevent the 
attachment of further OABA molecules because of the lack of the amino group and, 
therefore, it will inhibit growth of this polymorph. A further analysis of the incorporation 
of BA in the three polymorphs and its effect on the kinetics of polymorphic transformation 
was conducted. Mixtures of form II and III were nucleated in 10% IPA and water and the 
time of transformation II→III and then III→I was measured as well as the amount of BA 
incorporated in the crystals at the different stages of the transformation itself. Figure 10.7a 
shows the amount of BA in the solid crystals during the polymorphic transformation for an 
initial BA/OABA ratio of 0.12.  
 
Figure 10.7: (a) Incorporation of BA during the different stages of polymorphic transformation II→III and then 
III→I for the experiment at BA/OABA = 0.12 (b) Time of transformation II→III as a function of the ratio 
BA/OABA in solution and % BA incorporated in form III after complete transformation for four experiments 
performed. A fifth experiment was performed using a BA/OABA ratio of 0.1 but form I started appearing before 
the completion of the II→III transformation. 
 
The amount of BA incorporated in the crystals does not change with the conversion from 
II to III but drops down when form I appears. The same transformation experiment was 
repeated at different ratios of BA/OABA and the time of conversion from form II to form 
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III is shown in Figure 10.7b. The transformation is very slow and the time increases 
exponentially with decreasing the BA/OABA ratio. That is probably also related to the fact 
that, at high amount of BA in solution, the amount of form III nucleated is higher than at 
low BA. Therefore, the time to complete the transformation is higher since there is more 
form II to convert into form III. The same experiment was performed with BA/OABA = 
0.1 but form I appeared before the complete conversion II→III could take place. This set 
of experiments confirmed the tendency of BA to be incorporated equally in both form II 
and III but not in form I.  
10.4.3 Morphology of the three polymorphs 
PVM, SEM and an optical microscope were used to analyse the effect of benzoic acid on 
the morphology of OABA in the three solvents used. In the previous section it was shown 
how BA cannot be incorporated in OABA form I and, therefore, should act as a growth 
modifier. Figure 10.8 shows some PVM images of crystals of form I nucleated and grown 
in the presence of BA in different concentrations.  
 
Figure 10.8: PVM images of OABA crystals (form I) in water in presence of benzoic acid. The additive, in small 
amounts, modifies the morphology of form I crystals from prismatic to needle-like and favours agglomeration. 
The presence of plate-like crystals at high BA/OABA (0.18 corresponding to the last image) is due to nucleation of 
another polymorph (form III). 
 
It can be seen that the shape of the crystals is prismatic at very low concentrations of BA 
and then becomes needle-like as the ratio BA/OABA increases: this is a clear proof of 
growth inhibition. The growth along the b-axes is inhibited by the presence of molecules 
Chapter 10: Tailoring crystal shape and polymorphism using combinations of 
solvents and a structurally related additive 
193 
_________________________________________________________________________ 
_______________________________________________________________________________ 
Application of process analytical technology (PAT) tools for the better understanding and 
control of the crystallization of polymorphic and impure systems 
of BA which prevents the attachment of new OABA molecules as well as the 
incorporation of large quantities of BA in the crystal structure. As shown in Figure 10.8 
crystals became more needle-like as the amount of BA increases. The presence of BA 
seems also to favour agglomeration of the crystals as shown in the PVM images of Figure 
10.8. At high ratios of BA/OABA plate-like crystals of form III start to appear. The 
morphology of form III is not very clear because of the presence of high amount of BA 
incorporated which distort the crystalline structure, as well as causing agglomeration of the 
crystals. A schematic of the evolution of the shape of OABA form I with the increase of 
BA/OABA is shown in Figure 10.9. 
 
 
Figure 10.9: Evolution of the shape of OABA in the presence of BA (a) Schematic (b) SEM images at 
BA/OABA ratios of 0, 0.017 and 0.102 (w/w ratio increasing from left to right). 
 
The difference in morphology between form III and I is also noticeable in the FBRM data. 
The number of counts after nucleation gradually increases with the addition of benzoic 
acid as a result of the change in shape of the crystals of form I (needles usually have higher 
counts because the short side is counted many times) and then suddenly decrease with the 
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nucleation of a mixture of form I and III, which is characterized by a lower total counts as 
well as a change in the Raman spectrum.  
 
Figure 10.10: FBRM and Raman signal for experiment 2 of Table 10.1. The same temperature profile was 
repeated 6 times with addition of BA before the cooling step. Form I was nucleated for the first five profiles and 
during the sixth a mixture of form I and III was obtained. 
 
 
Figure 10.11: Microscopic images of the filtered samples taken during one of the experiment conducted in 20% 
IPA (experiment 15 from Table 1). The first three samples (first row) are form II only, while the last three (second 
row) are mixtures of II and III. 
The FBRM and Raman signals from experiment 2 of Table 10.1 are shown in Figure 10.10. 
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of Form II which remains needle-like (as shown in Figure 10.11). However, there is an 
increasing tendency to agglomeration and needle become more irregular as the benzoic 
acid content in solution increases as shown in Figure 10.11. A similar behaviour could be 
observed also in 20% w/w IPA/water (see Figure 10.11). Additionally, high amounts of 
BA strongly distort the crystalline lattice of form II and III making very difficult to 
understand the exact morphology of the crystals nucleated. SEM images of form III 
crystals obtained in water at BA/OABA = 0.24 and in 10 % w/w IPA/water at BA/OABA 
= 0.36 are shown in Figure 10.12. The agglomerates of form III obtained from water are 
bigger than the ones obtained in 10% IPA and they have a more spherical and compact 
shape. In 10% IPA the crystals of form III are plate-like and they form agglomerates of a 
more irregular and loose shape. These results indicate that using a structurally related 
additive and suitable solvent system it is possible to tailor the polymorphic purity of 
OABA crystals, and even more, form III crystals can be consistently and reproducibly 
obtained, which are otherwise very difficult to produce. Further tailoring the amount of 
additives, within the ranges that correspond to a desired polymorphic form, crystal 
morphology and degree of agglomeration can be tailored. These experimental result 
provide and exemplary case how tailoring solvent composition and structurally related 
additive concentration can be used to achieve complex particle engineering targets.  
 
 
Figure 10.12: SEM images (a) Agglomerates of form III nucleated from water (BA/OABA = 0.24) (b) 
Agglomerates of form III nucleated from 10%IPA (BA/OABA w/w= 0.36). 
 
  
  
(a) (b) 
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10.5 Conclusions 
The effect of benzoic acid (BA) on the crystallization of OABA in different solvents was 
studied in this work. It was possible to nucleate all the three known polymorphs of OABA 
using specific combinations of solvent and BA/OABA ratios. The presence of benzoic acid 
seems to favour nucleation of OABA form III: at ratios BA/OABA higher than 0.3-0.4 it 
was possible to nucleate form III in all the three different solvents. It is well known from 
the literature that this polymorph is very difficult to nucleate in solution, but the addition 
of a benzoic acid in solution favoured its formation although in an impure form (benzoic 
acid was always incorporated in the crystal lattice of form III).  
The incorporation of BA in the OABA polymorphs was quantified using HPLC and it was 
found that form II and III can equally incorporate BA as solid solutions while the specific 
system of hydrogen bonding in the crystal structure of form I prevents the inclusion of 
molecules of BA. It was also found that in small amount in water, benzoic acid can inhibit 
the growth along the b-axis of form I and change its morphology. BA also promotes 
agglomeration of all the polymorphs and speeds up the polymorphic transformation II→III. 
The agglomerates are easy to filtrate and for the case of water used as solvent they tend to 
have a spherical shape which is highly desired by pharmaceutical industry. 
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11 Analysis of the crystallization process of a biopharmaceutical 
compound in the presence of impurities using process analytical 
technology (PAT) tools 
 
In this chapter PAT tools are used to study the crystallization of a biopharmaceutical 
compound (vitamin B12). In particular the effect of impurities on the growth kinetic of 
vitamin B12 is analysed using focused beam reflectance measurement (FBRM) and ATR-
UV/Vis spectroscopy. 
 
11.1 Introduction 
Over the last decade the investment in research and development of biopharmaceutical 
companies has more than doubled: there is a great interest in formulating and optimizing 
the manufacturing of bio-molecules and biopharmaceuticals such as proteins, lipids, 
vitamins, hormones and DNA. Those compounds can be used in the treatment of serious 
diseases or just as nutritional supplement. The crystallization of biopharmaceuticals can be 
problematic since, because the biosynthesis of these compounds is very difficult to control, 
they can present a significant amount of impurities that has to be eliminated. In fact, 
impurities can lead to changes in the properties of the drug that can significantly reduce its 
effectiveness or even put in danger the user. In this chapter the crystallization of a 
relatively small biological molecule, vitamin B12, will be studied with PAT tools (ATR-
UV/Vis, FBRM and CryPRINS) and the effect of impurities on the growth and nucleation 
rate will be analyzed. The produced crystals are analyzed with optical microscopy, HPLC 
and Raman. Most of the impurities in cyanocobalamin have high levels of fluorescence 
and, therefore, Raman can give an indication of the purity of the crystals since it is highly 
sensitive to this phenomenon (Mayer et al. 1973; Zhang et al. 2009). However, for a 
precise quantification of the type and level of impurity in vitamin B12 samples HPLC is 
necessary. This chapter provides one of the first comprehensive case studies that illustrate 
how an array of PAT tools can be used for the systematic understanding and design of a 
biopharmaceutical crystallization process. 
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11.2 Methodology, materials and equipment 
11.2.1 Materials and Equipment 
Crude Vitamin B12 produced by fermentation was donated by Hebei Welcome 
Pharmaceutical Co., LTD (China). Ultrapure water was obtained via a Millipore ultra-pure 
water system while ethanol was purchased by Fisher Scientific (purity >95% v/v). Pure 
water or solutions of water and ethanol were used as solvents for the experiments. 
Experiments were conducted at both Loughborough University, UK and Purdue University, 
USA with similar, but not exactly identical instruments. Two 500 mL glass jacketed 
vessels and the same Raman system (an RXN1 Raman analyzer with immersion probe and 
785 nm laser, Kaiser with iC Raman 4.1 software) were used. The experiments at 
Loughborough University were performed using an ATR-UV/Vis probe; an FBRM probe 
and a Huber thermoregulator (see Chapter 3 for details on instrumentation). CryPRINS 
was used to set the temperature profiles and control the experiments. The instrumentation 
at Purdue University consisted in a Zeiss MCS621 UV/Vis spectrophotometer with UV-
VIS 190-720 nm Zeiss probe (Zeiss Process Xplorer software version 1,3-Build 1.3.1.30), 
an FBRM G400 0.5-2000microns (Mettler Toledo with ic.FBRM software version 4.3) 
and a JULABO F25-ME thermoregulator. The samples of vitamin produced were analyzed 
using a Raman RXN1 microprobe (Kaiser) and an HPLC Agilent 1100 series (Hewlett 
Packard) with ChemStation software rev. A.09.03[1417]. 
11.2.2 Procedure for linear cooling experiments 
Mixtures of water and ethanol and pure water were used as solvents for the linear cooling 
experiments. The concentrations used were about 0.118-0.13 g/g solvent in water and 
ethanol (saturation temperature of about 50 °C) and between 0.09 and 0.11 g/g solvent for 
water (saturation temperature of about 60 °C). The material was dissolved and the hot 
solution was filtered (using a filter paper) before starting the cooling profile because of the 
presence of insoluble particles in the raw material. The solubility of vitamin B12 in water 
at different temperatures was provided by the supplying company and is shown in Table 
11.1, while data for ethanol/water mixtures at different temperatures was not available 
from the literature and the amount of material donated was too small to accurately measure 
it. However, two inferential curves of the solubility expressed as UV signal (absorbance 
value at 361 nm) were obtained in order to compare the two solvents. Those curves can 
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also be directly compared with the UV data in the Results and Discussion section (which is 
actually an absorbance and not a concentration value). 
Table 11.1: Solubility of vitamin B12 in water at different temperature (data provided by Hebei Welcome 
Pharmaceutical Co., LTD) 
Temperature (°C) Solubility (g/l water) 
10 9.25 
20 10 
25 11.5 
30 13.5 
45 24 
 
The curves were acquired by slow heating (0.075 °C/min) of two slurries of vitamin B12 
in water and ethanol/water. The amount of vitamin dissolved at any time and temperature 
is proportional to the absorbance value recorded. 
 
Figure 11.1: inferential solubility curve expressed as UV signal versus temperature in the two solvents used. The 
addition of ethanol increased the solubility of vitamin B12 especially at high temperature. This type of curve can 
replace the classical concentration versus temperature relationship in cases in which only a small amount of 
material is available and literature data are not available.  
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Figure 11.1 shows the inferential curves as well as the exact solubility in the two solvents 
at high temperatures (120 g/L ethanol/water solution at 53 °C, and 84 g/L water at 62 °C). 
Table 11.2 shows the conditions of the experiments performed in this chapter. The material 
was added to the solvent at ambient temperature and then dissolved by heating the solution 
and keeping it at high temperature for 15-20 min. In ethanol and water the higher 
temperature was around 75 °C while in pure water it was around 70 °C. Four cooling rates 
were used: -0.075, -0.1, -0.5 and -1 °C/min (slower, slow, fast and faster cooling), both 
seeded and unseeded experiments were performed. The cooling rates were chosen based 
on experience with similar types of crystals, equipment and scale (Saleemi et al. 2012b; 
Saleemi et al. 2012a; Saleemi et al. 2012). The final temperature after cooling was 5-6 °C. 
In the case of the seeded experiments the mass of seeds was of about 2.5 % of the total 
solid dissolved in the vessel. Seeds were obtained after three successive crystallizations of 
the raw material. The same seeds were used for all the seeded experiments: crystals were 
in the form of short needles with fairly homogenous width (around 40-60 μm) and variable 
length (up to around 200 μm). At the end of the profile, the temperature was kept constant 
for few hours (until both FBRM and ATR-UV/Vis signals stabilized); after that, crystals 
were filtered and washed with acetone. CryPRINS was used to select the desired 
heating/cooling rate and to monitor the UV and FBRM signals during the experiments. In 
addition to the linear cooling experiments, three consecutive crystallizations of the same 
material were conducted using ethanol and water or pure water as solvents. Recrystallizing 
the same material more than once allows obtaining very pure crystals but the overall yield 
of the process is penalized. These three experiments were conducted to check the purity 
that could be obtained by using multiple steps of crystallization compared to a single linear 
cooling profile.  
 
Table 11.2: Experiment conditions, slow and fast cooling of raw and crystallized material 
Experiment Solvent Concentration 
(g/g solvent) 
Type of 
material 
Cooling rate 
(°C/min) 
Seeding 
1 Ethanol/water 0.118 Raw -0.5 (fast cooling) No 
2 Ethanol/water 0.118 Raw -0.1 (slow cooling) No 
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3 Water 0.097 Crystallized 
(more than 
once) 
-0.5 (fast cooling) No 
4 Water 0.097 Crystallized 
(more than 
once) 
-0.1 (slow cooling) No 
5 Water 0.089 Raw material -0.1 (slow cooling) No 
6 Water 0.106 Crystallized -0.075(slower 
cooling) 
No 
7 Water 0.089 Raw material -0.1 (slow cooling) Yes 
8 Water 0.097 Crystallized -0.1 (slow cooling) Yes 
9 Ethanol/water 0.119 Raw -1 (faster cooling) No 
10 Ethanol/water 0.119 Raw -1 (faster cooling) Yes 
11 Ethanol/water 0.119 Raw -0.5 (fast cooling) No 
12 Ethanol/water 0.119 Raw -0.5 (fast cooling) Yes 
13 Ethanol/water 0.119 Raw -0.1 (slow cooling) No 
14 Ethanol/water 0.119 Raw -0.1 (slow cooling) Yes 
15 Ethanol/water 0.13 Crystallized -1 (faster cooling) No 
16 Ethanol/water 0.13 Crystallized -0.5 (fast cooling) No(150 
rpm) 
17 Ethanol/water 0.13 Crystallized -0.5(fast cooling) No(240rpm) 
18 Ethanol/water 0.13 Crystallized -0.5 (fast cooling) Yes 
19 Ethanol/water 0.13 Crystallized -0.1 (slow cooling) No 
20 Ethanol/water 0.115 Raw -0.5  No 
21 Ethanol/water 0.137 From exp. 20 -0.5 No 
22 Water 0.082 From exp. 21 -0.5 No 
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11.2.3 HPLC analysis 
The mobile phase for the HPLC analyses was prepared dissolving 7.4 g of 𝑁𝑁𝑁𝑁2𝐻𝐻𝑃𝑃𝑃𝑃4 ∙2𝐻𝐻2𝑃𝑃  (HPLC purity grade, Fisher Scientific) in 740 mL of deionized water (from a 
Millipore Elix 5) and then adding 260 mL of methanol (Fisher Scientific). The solution pH 
was adjusted to 3.5 using 𝐻𝐻3𝑃𝑃𝑃𝑃4  (Fisons analytical reagents). The solid samples were 
dissolved in purified water (concentration of about 1 mg/mL). For the detection of the 
sample constituents the UV wavelength at 351 nm was used. The flow rate applied was 0.8 
mL/min for a total running time of 40 min for each sample. The temperature of the column 
was kept constant at 35 °C and the injection size was 20 μL. The type of column used was 
an Analytical Column Waters Spherisorb® 5 μm C8 4.6×250 mm. The main peak at about 
14 min corresponds to cyanocobalamin while the other peaks are byproducts (50-carboxyl 
cyanocobalamin, 34-mehil cobalamin, 8-Epi- cyanocobalamin, 7β,8β-cyanocobalamin 
lactate) and other unspecified impurities. All samples were analyzed at least twice and 
purity was calculated as the average relative area of the cyanocobalamin peak. 
11.2.4 Principal component analysis on Raman spectroscopic data 
A principal components analysis (PCA) was performed over Raman spectroscopic data of 
vitamin B12 in order to determine a relation between the purity of the analyzed crystals 
and their Raman spectra. Matlab 2013a was used for the calculation of the principal 
component scores (pca function). Details of the PCA calculation can be found in Chapter 2 
of this thesis. 
 
11.3 Results and discussion 
11.3.1 Linear cooling experiments 
Simple linear cooling was applied to the raw and recrystallized vitamin B12 and the results 
were studied using FBRM and images from an optical microscope. The crystal size 
distribution (CSD) was found to be strongly affected by the purity of the material used and 
the cooling rate. Usually large crystals and a narrow crystal size distribution are preferred 
because they facilitate the downstream operations (such as filtration, washing and milling). 
For this reason a good quality CSD is characterized by large crystals of similar size. The 
solvent used did not have a significant effect on the CSD but it affected the final purity of 
the crystals. The effect of seeding was also analyzed and it was found that a slightly purer 
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material can be obtained at the end of the crystallization using purified seed. Figure 11.2 
shows the results of experiment 1 and experiment 2 described in Table 11.2, in which raw 
vitamin B12 was crystallized from an ethanol/water mixture at two different cooling rates 
(-0.5 and -0.1 °C/min, fast and slow cooling). From the microscopic images of crystals at 
the end of the two experiments (see Figure 11.2a and Figure 11.2b) it can be noticed that in 
both cases the size distributions look very broad with both small and large crystals; but a 
considerably larger size is clearly generated by the slow cooling shown in Figure 11.2b. 
This behaviour is similar to what normally happens for common pharmaceuticals such as 
paracetamol (Saleemi et al. 2012a; Saleemi et al. 2012; Abu Bakar et al. 2009). In general, 
during a fast cooling experiment, nucleation happens at high superaturation generating a 
large amount of small nuclei while in a slow cooling experiment, few nuclei are nucleated 
at low supersation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11.2: (a) Microscope image of the crystals at the end of experiment 1 (fast cooling) (b) Microscope image of 
the bigger crystals at the end of experiment 2 (slow cooling) (c) Microscope image of the smaller crystals at the 
end of the experiment 2. 
(a) (b) 
(c) 
(b) 
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However, for paracetamol, a fast cooling generates a high number of total counts from the 
FBRM due to the large number of nuclei generated at high supersaturation. In the case of 
Vitamin B12 the trend seems to be the opposite, as shown in Figure 11.3a and b.  
 
 
Figure 11.3: (a) Experiment 1: fast cooling of raw material in water and ethanol, -0.5°C/min. The graph shows the 
total counts per measurement and the mean of the square weighted chord length distribution (MSWCLD) from 
the FBRM (b) Experiment 2: slow cooling of raw material in water and ethanol, -0.1°C/min. The graph shows the 
total counts per measurement and the mean of the square weighted chord length distribution (MSWCLD) from 
the FBRM (c) Experiment 1: chord length distribution (CLD) for the fast cooling experiment (d) Experiment 2: 
chord length distribution (CLD) for the slow cooling experiment.  
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In experiment 1 (Figure 11.3a) when slow cooling was used, the number of counts was 
lower than in experiment 2 (Figure 11.3b)  which was conduced at a fast cooling rate. 
Furthermore, the images from the microscope seem to contrast with the data from FBRM 
data since, clearly less and bigger particles were generated using slow cooling (Figure 
11.2b) compared to fast cooling (Figure 11.2a). Additionally, the final mean of the square 
weighted chord length distribution is higher for the fast cooling rate (Figure 11.3a) than the 
slow one (Figure 11.3b). This discrepancy between images and FBRM data is related to 
the needle shape of the vitamin B12 crystals. As the particles grow in length, the shorter 
size of the crystals is counted by the FBRM more times than the longer giving the 
erroneous larger number of counts for small crystal size present in the vessel. A similar 
behavior for this probe was observed by Leyssens et al. for a small needle-like molecule 
prodrug antagonist called CDP323-2 (2011). The longer the crystals are, the higher is the 
value of the total counts recorded by FBRM; and that is the reason why slow cooling of 
raw vitamin B12 generated a higher value of the total counts than fast cooling (70,600 
#/meas. in the slow cooling against 44,000 #/meas. as shown in Figure11.3 a and b). 
However, considering the large amount of small crystals present at the end of both 
experiments (in particular see Figure 11.2a for experiment 1 and Figure 11.2c for 
experiment 3), it is clear that secondary nucleation prevails on growth for raw vitamin B12. 
This can be explained by the fact that the presence of impurities inhibits growth, and 
supersaturation is used mainly to nucleate new small crystals. Some breakage is also 
present in the slow cooling after 400 min as shown in the CLD distribution of Figure 11.3d, 
where a reduction in the number of larger particles can be observed. Breakage of crystals 
also contributed to the higher number of counts in the case of slow cooling. Figure 11.4a 
and c show the FBRM and UV data for fast and slow cooling crystallization of a purified 
solution of vitamin B12 (experiment 3 and 4 of Table 11.2). The use of recrystallized 
material with fewer impurities reduced considerably both primary and secondary 
nucleation during the cooling phase and promoted growth of the existing crystals. 
Figure  11.5b and d show the microscopic images of the resulting crystals; the crystal size 
distribution is narrower compared to experiment 1 and 2 and crystals are considerably 
larger with the maximum total counts that reaches only 5,200 #/meas. in the fast cooling 
experiment and 26,900 #/meas. for the slow cooling. The effect of the shape of the crystals 
on the FBRM data is clearer in these two experiments because of the absence of breakage 
or secondary nucleation; crystals in Figure  11.5d are clearly longer than the ones shown in 
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Figure  11.5b and the CLD (Figure  11.6a and b) present a bimodal shape with a growing 
peak at low sizes due to the increasing counts of the shorter size of the crystals. 
 
Figure 11.4: Absorbance value at 361nm, Total counts from FBRM and mean of the square weighted chord length 
distribution (MSWCLD) for (a) Experiment 3: fast cooling and crystallization of purified material dissolved in 
water (b) Experiment 3: microscopic image of the final crystals for the fast cooling experiment in water (c) 
Experiment 4: slow cooling and crystallization of purified material dissolved in water (d) Experiment 4: 
microscopic image of the final crystals for the slow cooling experiment in water. 
 
It is clear that growth of vitamin B12 is strongly inhibited by impurities and very broad 
crystal size distributions are generated by secondary nucleation and breakage. Additionally, 
in some cases, multiple nucleation events can happen as shown in Figure 11.6b, c and d, 
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which is also a clear indication of growth inhibited crystallization processes in the 
presence of impurities. 
 
 
 
Figure 11.5: (a) Experiment 3: chord length distribution (CLD) during the fast cooling experiment in water with 
purified material (b) Experiment 4: chord length distribution (CLD) during the slow cooling experiment in water 
with purified material. 
 
Figure 11.6a shows the results for experiment 5 (Table 11.2) where vitamin B12 nucleated 
and grew throughout the entire cooling period. Figure 11.6b, c and d instead, show cases in 
which a second major nucleation event happened during the cooling phase. The UV signal 
dropped suddenly during the second nucleation and the counts increased at the same time. 
This phenomenon appeared with both raw and recrystallized material, for seeded and 
unseeded experiments and for both the solvents used. During these experiments growth 
was so inhibited that supersaturation accumulated during the cooling until it reached a 
level at which a second major nucleation event could happen. In these cases the final CLD 
is very broad and many small particles are present as a result of this double nucleation as 
shown in Figure 11.7 (for experiment 7).  
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Figure 11.6: (a) Experiment 5: slow cooling -0.1°C/min of raw material. Total counts per measurement from FBRM 
and absorbance from ATR-UV/Vis. (b) Experiment 6: slow cooling -0.075°C/min of recrystallized material. Total 
counts per second from FBRM (Loughborough University) and UV absorbance. (c) Experiment 7: seeded and slow 
cooling of raw material in water (-0.1°C/min) (d) Experiment 8: seeded and slow cooling of recrystallized material in 
water (-0.1°C/min). Total counts per measurement from FBRM and absorbance from ATR-UV/Vis. 
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Figure 11.7: (a) Chord length distribution (CLD) in the seeded and slow cooling of raw material in water 
(Experiment 7) (b) Microscopic image of the final crystals for the seeded and slow cooling of raw material in 
water (Experiment 7). 
 
11.3.2 Purity analysis using HPLC and Raman spectroscopy 
A first qualitative screening of both the raw material and the crystals obtained by 
consecutive crystallizations (with increasing purity as shown in Table 11.3) was performed 
using Raman microscopy. The inert material filtered during the crystallizations was also 
analysed. Figure 11.8a shows the Raman spectra of raw and filtered material; a strong 
fluorescence, due to impurities can be noticed (high intensity and no defined peaks). It is 
interesting to observe that just the filtration of the hot solution eliminates part of the 
fluorescent material. A loss of fluorescence due to less impurity can also be noticed in the 
samples of the consecutive crystallizations (Figure 11.8b).  
 
Table 11.3: HPLC results for selected experiments performed 
Sample Purity 
(%) 
Improvement in 
purity (%) 
Solvent used Material 
used 
Cooling 
rate 
(°C/min) 
Seeded 
Raw material 93.11 0 n.a. n.a. 
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First crystallization 96.14 3.03 n.a. n.a. 
 
n.a. n.a. 
Second 
crystallization 
97.29 1.16 n.a. n.a. 
 
n.a. n.a. 
Third 
crystallization 
98.03 0.74 n.a. n.a. 
 
n.a. n.a. 
LC experiment 8 97.54 1.24 Water Crystallized -0.1 Yes 
LC experiment 9 96.35 3.24 Ethanol/water Raw -1 No 
LC experiment 10 96.28 3.17 Ethanol/water Raw -1 Yes 
LC experiment 11 96.28 3.17 Ethanol/water Raw -0.5 No 
LC experiment 12 96.72 3.61 Ethanol/water Raw -0.5 Yes 
LC experiment 13 96.51 3.40 Ethanol/water Raw -0.1 No 
LC experiment 14 96.76 3.65 Ethanol/water Raw -0.1 Yes 
LC experiment 15 97.66 0.94 Ethanol/water Crystallized -1 No 
LC experiment 16 97.70 0.98 Ethanol/water Crystallized -0.5 No 
LC experiment 17 97.72 1.00 Ethanol/water Crystallized -0.5 No 
LC experiment 18 97.95 1.23 Ethanol/water Crystallized -0.5 Yes 
LC experiment 19 97.77 1.05 Ethanol/water Crystallized -0.1 No 
LC experiment 20 96.14 3.03 Ethanol/Water Raw -0.5 No 
LC experiment 21 97.29 1.16 Ethanol/Water Crystallized 
once 
-0.5 No 
LC experiment 22 98.03 0.74 Water Crystallized 
twice 
-0.5 No 
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Figure 11.8: (a) Raman spectra of the raw material donated and the particles filtered at high temperature (b) 
Raman spectra of the crystals from the three consecutive crystallizations. A loss in fluorescence can be noticed. 
 
The number and position of the peaks is the same for all the samples but they tend to 
become broader and less intense as fluorescence (and, therefore impurity) increases. In 
order to have some quantitative information from Raman spectroscopy a principal 
component analysis was performed over the Raman spectra of the recrystallized material, 
the raw material and the filtered one. Figure 11.9a shows the score of principal component 
PC2 plotted versus the score of principal component PC1. The raw and filtered material 
points are isolated and very far from the crystallized samples because of their high 
impurity content. Figure 11.9b shows only the crystallized samples: a clear trend of the 
scores as a function of purity is present. This example provides an illustration for the non-
conventional use of Raman spectroscopy for monitoring low concentration of impurities 
based on fluoresce. While fluorescence is in general undesirable in Raman spectroscopy, 
since it makes the interpretation of the significant peaks difficult, monitoring the amount 
of fluorescence in the Raman spectra can serve as a method of detecting the existence and 
changes in impurity levels in the case of fluorescent impurities.  
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Figure 11.9: (a) Score of the second principal component (PC2) plotted against the first principal component (PC1) 
for all the samples analysed. (b) Score of the second principal component (PC2) plotted against the first principal 
component (PC1) for the crystallized samples.  
 
The loss of impurity during the consecutive crystallizations also considerably improved the 
size of the crystals as shown in Figure 11.10. The raw material showed in Figure 11.10a is 
highly fluorescent and amorphous; particles are very small and hygroscopic and the colour 
is intense red. Crystalline vitamin B12 is darker as shown in Figure 11.10b to d. The mean 
size of the crystals increases during the consecutive crystallization as a result of less 
inhibited growth. 
The results of HPLC analyses of the samples from selected experiments out of those 
performed are shown in Table 11.3. A higher purity can be reached if slow cooling rates 
are applied and seeding also helps in increasing the purification efficiency. The largest 
increase in purity was reached using raw material in an ethanol/water mixture with seeding 
and slow cooling (linear cooling experiment 14, increase in purity of 3.65 %). The second 
crystallizations (using purified material) as expected present a lower increase in purity; 
however, even for this set of experiments, slow cooling and seeding helped reaching a 
relatively higher purity. The effect of the solvent on the final crystal size distribution is 
negligible but choosing the suitable solvent seems to help increasing the purity of the 
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product. It also seems not to affect purification efficiency since the final purity of similar 
experiments in different solvents is very close.  
 
 
Figure 11.10: microscopic images of (a) Raw vitamin B12 from fermentation (b) Crystal obtained after the first 
crystallization (c) Crystal at the end of the second crystallization (d) Crystals after the third crystallization. 
 
11.4 Conclusions 
A set of PAT tools was used to study the crystallization in the presence of impurities of a 
small biomolecule produced by fermentation (vitamin B12). Materials produced by 
biosynthesis often contain a high amount of impurities that can significantly reduce the 
quality of the final crystals in term of size distribution. Multiple successive 
recrystallizations of the same material can help eliminating impurities and reaching a 
better crystal size distribution, but they also contribute to decrease the yield. Using PAT 
tools can help understanding the characteristics of the studied compound and developing a 
correct crystallization strategy to improve crystal size and purity of the final product. 
It was found that impurities strongly affect the growth rate, promoting nucleation and, in 
some cases, generating multiple nucleation events during the cooling profile. The final 
crystal size distribution for these cases was found to be very broad, with very large crystals 
(a) (b) 
(c) (d) 
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together with significant amounts of fines. Slow cooling of very impure material increases 
the probability of multiple nucleation events and, therefore, leads to a broad crystal size 
distribution. However, slow cooling was found to generate more pure crystals compared to 
fast cooling. The best quality of the crystals, in terms of size, was reached using already 
crystallized material to prepare the solution and slow cooling rates. Seeding was also 
found to help in increasing the purity of the final crystal while a change in the solvent 
composition did not largely affect purity or final CSD. The needle shape of the vitamin 
B12 crystals also had to be considered before interpreting the FBRM results. The growth 
of the long size of the needles generates an increase in the FBRM total counts that can be 
confused with nucleation. An analysis of the crystals with the optical microscope was 
necessary to interpret the counts and chord length distribution recorded by the FBRM. 
Monitoring the level of fluorescence due to impurities in the Raman spectrum, can serve as 
a method of detecting changes in the impurity concentrations in the crystalized products. 
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12 Application of PAT-based feedback control strategies to improve 
purity and size distribution in biopharmaceutical crystallization 
 
Several PAT-based feedback control strategies are tested in this chapter to improve purity 
and crystal size distribution of impure vitamin B12. Direct nucleation control, simple slow 
linear cooling, temperature cycling and supersaturation control were analyzed. 
 
12.1 Introduction 
Purity is a critical quality attribute for both pharmaceutical and biopharmaceutical 
products. The presence of impurities (solvents, salts or byproducts of the synthetic path) in 
drugs can cause a reduction of their effectiveness or can even be toxic for the patients. 
Biopharmaceuticals are produced by biological processes which are difficult to control. 
Therefore the amount of impurities that has to be removed can be significantly higher than 
in the case of synthetic pharmaceuticals. In this chapter process analytical technology 
(PAT) tools and different feedback control strategies (T-control, direct nucleation control 
and supersaturation control) were tested for the crystallization of a biopharmaceutical 
product. UV/Vis spectroscopy, focused beam reflectance measurement (FBRM) combined 
with CryPRINS were used to improve the crystal size distribution and purity of 
crystallized vitamin B12. The different feedback control strategies were compared to 
classical crystallization techniques in terms of purity of the final crystal and quality of the 
crystal size distribution and it is shown that using suitable crystallization feedback control 
strategies, the purity and quality of crystals can be improved.  
The fragility of the vitamin B12 molecule and the presence of impurities, together with its 
needle-like morphology made the implementation of PAT based control strategies 
particularly challenging. A direct nucleation control based on FBRM data and a 
calibration-free supersaturation control using ATR-UV/Vis were implemented on the 
system and compared to specific T-control strategies (for example temperature cycling). In 
the direct nucleation feedback control strategy the number of counts obtained from the 
FBRM is kept constant by heating and cooling steps. If the counts are higher than the 
desired setpoint range, the controller reacts by increasing the temperature in the crystallizer 
and dissolving the smaller particles. If the number of counts is too low instead, the system 
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is cooled down promoting growth or maybe nucleation. This strategy does not require any 
calibration and was found to be effective in obtaining large crystals of paracetamol 
(Saleemi et al. 2012b; Saleemi et al. 2012a; Saleemi 2011), glycine (Abu Bakar et al. 
2009) as well as in enhancing the crystalline properties of a cardiovascular API (Saleemi et 
al. 2012). Temperature cycling (with no feedback control) was also implemented in order 
to check its efficacy. This technique was successfully used to control both size and 
polymorphic form of sulfathiazole (Abu Bakar et al. 2010; Abu Bakar 2010; Abu Bakar et 
al. 2010) and to reduce liquid inclusion in the crystallization of cyclotrimethylene 
trinitramine (RDX) (Kim et al. 2011). Calibration based supersaturation control is now a 
common technique widely tested for different APIs; however, only few examples of 
calibration-free strategies are present in literature (Duffy et al. 2013; Barrett et al. 2010; 
Kee et al. 2009; Chew et al. 2007). A calibration-free supersaturation control approach is 
also implemented for the crystallization of vitamin B12 and the results are compared 
among all feedback control approaches. The results demonstrate the benefits of using 
PAT-based feedback control technologies in the crystallization of biopharmaceuticals to 
improve purity and crystal quality and achieve larger and more uniform size distribution. 
 
12.2 Materials and equipment 
Crude Vitamin B12 extracted from biofermentation was donated by Hebei Welcome 
Pharmaceutical Co., LTD (China). Ultrapure water was obtained via a Millipore ultra-pure 
water system while ethanol was purchased by Fisher Scientific. Pure water or solutions of 
water and ethanol (13.8% of ethanol v/v) were used as solvents for the experiments. 
Experiments were conducted at both Loughborough University and Purdue University 
with similar, but not exactly identical instruments. Two 500 mL glass jacketed vessels and 
the same Raman system were used (details of the instruments are reported in chapter 2 of 
this thesis). The supersaturation control and the temperature cycling experiments were 
performed at Loughborough University, UK, using the available ATR-UV/Vis, FBRM and 
thermoregulatory (described in Chapter 3 of this thesis). The data from the FBRM, ATR-
UV/Vis and the Huber are transmitted in real-time to the CryPRINS software. The 
instrumentation at Purdue University consisted of a JULABO F25-ME thermoregulator, an 
FBRM G400 0.5-2000 μm (Mettler Toledo with iCFBRM software version 4.3) a Zeiss 
MCS621 UV/Vis spectrophotometer with UV-VIS 190-720nm Zeiss probe (Zeiss 
ProcessXplorer software version 1.3-Build 1.3.1.30). Direct nucleation control 
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experiments were all performed at Purdue University. The samples of vitamin B12 
produced were analyzed using the Raman microscope and the HPLC available at 
Loughborough University. 
 
12.3 Methodology 
12.3.1 Slow linear cooling experiment 
An unseeded slow cooling experiment was carried out over a solution of previously 
crystallized vitamin B12 (initial purity of the material was 96.3 %). The solution 
concentration was around 0.112 g/g solvent. Solids were introduced in the liquid at 
ambient temperature and then dissolved by heating up the solution to 70 °C. Because of 
the presence of some inert material, the hot solution was filtered and then kept at high 
temperature for 30 min in order to re-dissolve crystals that might have nucleated during the 
filtration. After that time the solution was cooled down at a rate of -0.075 °C/min.  
12.3.2 Supersaturation control experiments 
A calibration-free approach was used to perform the seeded supersaturation control 
experiments. The conditions of the performed experiments are shown in Table 12.1. In 
order to obtain quantitative information on its solubility, vitamin B12 was added to the 
solvent (pure water) at 5-6 °C and the temperature was slowly raised (+0.075 °C/min) to 
70 °C. The saturation temperature of the solution was around 60 °C, so all the vitamin 
dissolved at the end of the temperature profile. Also, for this set of experiments the hot 
solution was filtered before starting the control profile, in order to remove the inert 
material present in the crude vitamin B12. 
Table 12.1: Experimental conditions for the supersaturation control experiment 
Experiment 
Supersaturation set 
point (in UV signal) 
Solvent Type of material Vitamin concentration   
(g/g solvent) 
1 0.0025 Water Raw 0.089 
2 0.0025  Water Raw 0.094 
3 0.0024  Water Raw 0.097 
4 0.0022 Water Crystallized 0.106 
5 0.00195  Water Crystallized 0.109 
6 0.002 Water Crystallized 0.112 
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ATR-UV/Vis spectra and their derivatives were recorded and a polynomial relation was 
found between the first derivative of the signal (F) at 350 nm (correlated with the vitamin 
concentration) and temperature (T). This correlation, F = f(T), corresponds to an inferential 
solubility curve expressed as UV signal versus temperature, instead of the classical 
concentration versus temperature relationship, generally used in calibration-based 
supersaturation control. Both crude material and purified (vitamin B12 crystallized and 
washed with acetone once) were used for the experiments, and because of their difference 
in purity two solubility equations were measured: 
 
𝐹𝐹𝑟𝑟𝑟𝑟𝑟𝑟 = 2.48923 ∙ 10−8𝑇𝑇3 − 5.01056 ∙ 10−8𝑇𝑇2 − 2.70984 ∙ 10−5𝑇𝑇 + 1.547812 ∙ 10−3 
(12.1) 
𝐹𝐹𝑐𝑐𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐   = 2.14232 ∙ 10−8𝑇𝑇3 + 1.55857 ∙ 10−8𝑇𝑇2 − 1.69056 ∙ 10−5𝑇𝑇 + 1.44211 ∙ 10−3 
(12.2) 
Equations (12.1) and (12.2) were implemented in the CryPRINS software and the 
experiments followed the procedure: 
1) Crude vitamin B12 from fermentation or previously recrystallized was added to 
pure water (about 0.09 g/g water, corresponding to a saturation temperature of 60 
°C); 
2) The temperature was raised to 70 °C to allow complete dissolution of the solid and 
then the hot solution was filtered in order to eliminate insoluble material; 
3) After filtration the temperature was kept constant at 70 °C for about half an hour 
and then the system was cooled down to about 58-57 °C; 
4) Crystalline seeds were added in an amount of about 3% of the total solid mass and 
the supersaturation control option in CryPRINS was switched on; 
5) The supersaturation setpoint was adjusted during the first minutes of control in 
order to guarantee the growth of the crystals. 
The supersaturation setpoint is calculated as the difference between the desired UV signal 
at a given temperature and the value of the inferential solubility of vitamin B12 at that 
temperature. This value can be directly inserted in CryPRINS. 
12.3.3 Direct nucleation control experiments 
The direct nucleation control procedure was already described in detail by other authors 
(Saleemi et al. 2012a; Saleemi et al. 2012b; Abu Bakar et al. 2009). The technique is based 
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on the use of both FBRM and CryPRINS to keep the number of crystal counts/s in the 
vessel constant during the whole batch. One of the statistics (usually total counts/s) 
measured by the FBRM is sent to CryPRINS and temperature is decreased if the measured 
total counts/s is lower than the set point range, or increased if it is higher (crystals in 
excess are then redissolved). The parameters that have to be inserted in CryPRINS are the 
chosen statistics setpoint as well as the desired cooling and heating rate. Those parameters 
are usually system dependent and can be selected after few trials. In this work, for the 
DNC experiments, ethanol/water mixtures were used as solvents and the amount of solid 
used for each experiment is around 0.12 g/g solvent. The selected statistics was total 
counts and different setpoints were tried as shown in Table 12.2. 
Table 12.2: Experimental conditions for the DNC experiments 
Experiment 
Set point (#/sec) Solvent Type of material Heating/cooling rate (°C/min) 
1 10000+1000 Ethanol/water Raw 0.3/-0.3 
2 30000+1000 Ethanol/water Raw 0.2/-0.4 
 
12.3.4 Temperature cycling experiments 
Several experiments using different cooling/heating rates and number of cycles were 
performed. Both crude and recrystallized material were used to prepare the solution, while 
pure seeds were added (about 3 % of the total solute). The amplitude of every cycle was 7-
9 °C and cycles converged towards a final temperature of 6 °C. Table 12.2 shows a list of 
the experiments performed and their most important parameters. 
Table 12.3: Experimental conditions for the temperature cycling experiments 
Experiment 
Number of 
cycles 
Solvent Type of 
material 
Vitamin 
concentration 
(g/g solvent) 
Heating/cooling rate 
(°C/min) 
1 13 Water Raw 0.089 0.2/-0.2 
2 17 Water Raw 0.089 0.5/-0.5 
3 13 Water Raw 0.089 0.2/-0.5 
4 12 Water Crystallized 0.104 0.5/-0.5 
5 13 Water Crystallized 0.11 0.2/-0.2 
6 18 Water Crystallized 0.11 0.2/-0.5 
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12.3.5 HPLC analysis 
The HPLC method was developed by the company who provided the material and then 
slightly changed for the available instrument. Details of the methods are discussed in 
Chapter 11. 
 
12.4 Results and discussion 
12.4.1 Slow cooling experiments 
The results of the first slow cooling experiment are shown in Figure 12.1a, b and c. 
Despite the use of material that was already crystallized once (and therefore more pure 
than the raw) the presence of impurities determined a very broad crystal size distribution at 
the end of the profile, with few very big crystals together with many small ones (as shown 
in Figure 12.1c).  
 
 
 
Figure 12.1: (a) UV/Vis first derivative at 350 nm, temperature and total counts/s plotted versus time in min for 
the slow cooling experiment; (b) Solubility of raw vitamin B12 expressed as UV derivative signal and values 
recorder during the SSC experiment; (c) Microscopic image of the crystals at the end of the profile. 
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The reason for the poor CSD is the presence of multiple nucleation events during the 
cooling as shown in Figure 12.1a and b. Because of the presence of impurities the growth 
of vitamin B12 crystals was so inhibited that supersaturation accumulated during the 
cooling until it reached a level at which a second nucleation event could occur. These 
multiple nucleation events are characteristic for systems in which growth is inhibited by 
nucleation (Fevotte and Fevotte 2010). In conclusion, although slow cooling is usually the 
simplest solution to get better CSD and improve purity it was proved to be unsuccessful 
for the studied compound. In order to avoid the development of high level of 
supersaturation that can cause multiple primary nucleation events feedback control 
strategies can be used. Supersaturation control could be a good solution since it can keep 
the level of supersaturation below the limit that triggers subsequent nucleation events. Also 
temperature cycling and direct nucleation control could potentially help in avoiding 
multiple primary nucleation events and/or eliminating the fines from the unwanted 
nucleation events. 
12.4.2 Supersaturation control experiments 
The first feedback strategy proposed to control the crystallization of vitamin B12 is 
supersaturation control (SSC).  Because of the difficulty of getting solubility data and its 
variability due to impurities, a calibration-free supersaturation control (SSC) approach was 
used. Figure 12.2 shows the results for experiment 2 and 3 (see Table 12.1 for details of 
the experimental conditions). The solution was prepared from raw material and purified 
seed was used. Because of the impurities, the supersaturation setpoint (which is the 
difference between the measured UV signal and the solubility of vitamin B12 expressed as 
UV signal) needed to be quite high in order to enable growth of the seeds: the steps in the 
temperature profiles on Figure 12.2a and b are due to manual changes in the setpoint just 
after seeding (see Figure 12.2c and d). When small changes in the FBRM counts or in the 
UV signal were noticed the setpoint was not further modified. The desired supersaturation 
profile was followed for about 2.5 hours in experiment 2 and for about 3.5 hours in 
experiment 3 (Figure 12.2c and d). After that, supersaturation was depleted quickly 
probably because of the secondary nucleation of new crystals (also confirmed by the 
sudden increase in the FBRM total counts/s) and the control mechanism stopped working 
since the temperature decrease could not keep up with such fast supersaturation depletion. 
The apparent increase in the inferential solubility of the raw vitamin B12 (Figure 12.2e) is 
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due to the temperature effect on the UV signal: there is an inverse proportionality between 
the UV signal and temperature at constant concentration. 
 
 
 
Figure 12.2: Experiment 2 and 3: supersaturation control of raw material in water. (a) UV/Vis first derivative at 
350 nm, temperature and total counts/s plotted versus time for experiment 2; (b) UV/Vis first derivative at 350 
nm, temperature and total counts/s plotted versus time for experiment 3; (c) Setpoint and experimental 
supersaturation during experiment expressed as ATR-UV/Vis signal for experiment 2; (d) Setpoint and 
experimental supersaturation during experiment expressed as ATR-UV/Vis signal for experiment 3; (e) Solubility 
of recrystallized vitamin B12 expressed as UV derivative signal and values recorder during the SSC experiment 2 
and 3. 
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Figure 12.3: Experiment 5 and 6: supersaturation control of raw material in water. (a) UV/Vis first derivative at 
350 nm, temperature and total counts/s plotted versus time for experiment 5; (b) UV/Vis first derivative at 350 
nm, temperature and total counts/s plotted versus time for experiment 6; (c) Setpoint and experimental 
supersaturation during experiment expressed as ATR-UV/Vis signal for experiment 5; (d) Setpoint and 
experimental supersaturation during experiment expressed as ATR-UV/Vis signal for experiment 6; (e) Solubility 
of recrystallized vitamin B12 expressed as UV derivative signal and values recorder during the SSC experiment 5 
and 6. 
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That effect is more significant at low concentration where the gradient of the solubility 
versus temperature is usually low and the decrease in signal due to the temperature 
prevails on its increase due to the increase in concentration due to dissolution. A very 
quick drop in concentration was also observed in experiment 5 (solution prepared with 
recrystallized material, results shown in Figure 12.3a) while a smoother temperature 
profile can be noticed for experiment 6 (shown in Figure 12.3). The supersaturation profile 
was followed for about 8 hrs in experiment 5 while experiment 6 was quite short and 
lasted only about 2 hrs (this is probably due to the slightly higher supersaturation setpoint 
chosen for experiment 6 and the fact that the experiment was stopped when the 
temperature reached 10 °C instead of 6 °C). Figure 12.4 shows microscopic images of the 
final crystals for the four experiments performed: the size distribution seems to be quite 
similar for all experiments with a slightly higher amount of small crystals for experiments 
2 and 3 (performed with raw material).  
 
 
 
 
 
 
FBRM data also confirmed the similarity between the CLD at the end of all the 
experiments (see Figure 12.5). It is also worth noticing the absence of breakage for all of 
the SSC experiments performed. In conclusion, supersaturation control gave a better CSD 
100μm 100μm 
100μm 
100μm 
(a) (b) 
(c) (d) 
Figure 12.4: Microscopic images of final crystals for (a) Experiment 2 (b) Experiment 3 (c) Experiment 5 (d) 
Experiment 6. 
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compared to the slow cooling experiment even when raw material was used to prepare the 
solution. That suggests that SSC could be a feasible solution for the crystallization of 
vitamin B12, allowing a better size distribution of the final product. It is worth noticing 
that in all the experiments the temperature profile resulting from applying the 
supersaturation control could be easily approximated with two consecutive linear cooling 
profiles with different slopes.  
 
   
  
Figure 12.5: Chord length distribution for the SSC experiments a) Experiment 2 (b) Experiment 3 (c) Experiment 
5 (d) Experiment 6. 
 
Those could be easily implemented in a simple T-controlled batch crystallization 
experiment with no need of additional PAT tools and control algorithms, using a direct 
design concept. This is a good example of the “Quality-by-Control” (QbC) paradigm, 
whereby feedback control strategies can be easily and quickly used to develop optimal 
0
100
200
300
400
500
600
700
1 10 100 1000
C
LD
 (#
/s
ec
) 
Chord length (um) 
50 min
150 min
200 min
300 min
0
100
200
300
400
500
600
700
1 10 100 1000
C
LD
 (#
/s
ec
) 
Chord length (μm) 
34 min
210 min
300 min
350 min
0
100
200
300
400
500
600
700
1 10 100 1000
C
LD
 (#
/s
ec
) 
Chord length (um) 
50 min
400 min
600 min
800 min
0
100
200
300
400
500
600
700
1 10 100 1000
C
LD
 (#
/s
ec
) 
Chord length (μm) 
23 min
100 min
150 min
200 min
(a) (b) 
(c) (d) 
Chapter 12: Application of PAT-based feedback control strategies to improve 
purity and size distribution in biopharmaceutical crystallization 
226 
_________________________________________________________________________ 
_______________________________________________________________________________ 
Application of process analytical technology (PAT) tools for the better understanding and 
control of the crystallization of polymorphic and impure systems 
crystallization processes that can be implemented for example at larger scale with 
minimum usage of instrumentation. The QbC approach could be used to replace the 
traditional design of experiment (DoE) based approaches that constitutes the standard 
procedure during process development for a particular drug. The QbC approach, designs 
suitable operating procedures by direct adaptation of the operating conditions during 
crystallization using a feedback control based approach, hence it provides a much faster 
methodology to find the optimal operating procedure, requiring less material as traditional 
quality-by-design (QbD) approaches based on standard DoE techniques. 
12.4.3 Direct nucleation control experiments 
A DNC approach was also used with vitamin B12. This approach is usually very easy to 
implement and was proved to improve the purity of several APIs (Saleemi et al. 2012a). 
For vitamin B12 this approach failed because of the needle shape of the crystal: the total 
counts/s recorded by FBRM increases during the growth of long needles, therefore, 
keeping that value constant using DNC does not actually allow the crystal to grow. The 
results for two DNC experiments at different setpoints are shown in Figure 12.6 and Figure 
12.7, in both cases temperature keeps oscillating without converging to a lower value.  
In fact, whenever crystals start to grow, the total counts/s rise and the controller responds 
by increases the temperature, which will dissolve again the particles counteracting the 
growth made in the cooling phase. Figure 12.6c shows an image of the crystals at the end 
of the first cycle (sample taken at about 300 min) while Figure 12.6d shows the crystal at 
the end of the run. The size distribution becomes worse during the cycles and breakage 
tends to prevail on growth. Furthermore, because of the oscillation of temperature it is 
impossible to get a sufficient yield. A second example of failed DNC is shown in Figure 
12.7 using a setpoint of 30,000 #/measurement. 
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In conclusion, DNC was found to be unsuitable for crystals with the morphology of 
vitamin B12, promoting breakage over growth and preventing the reach of a sufficient 
yield. While these experiments did not lead to an improved crystallization process, we 
believe they provide a very useful case study to illustrate the limitation of DNC in the case 
of high aspect ratio needle-shaped particles with growth inhibition.  
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Figure 12.6: (a) Direct nucleation control of raw material in water and ethanol with a set point of 
10000#/measurement for the value of the total counts. UV/Vis absorbance at 361 nm, temperature, total counts 
and mean square weighted chord length distribution (FBRM) plotted versus time in min. (b) Evolution of the 
CLD from FBRM during the experiment (c) Microscopic image of crystals taken after the first cycle (d) 
Microscopic image of the crystals taken at the end of the run. 
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Figure 12.7: Direct nucleation control of raw material in water and ethanol with a set point of 30,000 
#/measurement for the value of the total counts/s. UV/Vis absorbance at 361 nm, temperature, total counts/s and 
mean square weighted chord length (FBRM) plotted versus time. The image shows the crystals at the end of the 
run analyzed with an optical microscope. 
 
12.4.4 Temperature cycling experiments 
The last approach used with vitamin B12 was temperature cycling with a fixed temperature 
profile that was forced to converge by design: after the heating steps of every cycle the 
temperature was brought back to a slightly lower value compared to the initial one; 
therefore overall the temperature decreased from about 70 °C to 7-10 °C. Temperature, 
concentration and total counts/s profiles during some of the experiments performed are 
shown in Figure 12.8 and Figure 12.9. Experiments 1 and 2 were conducted using a 
solution made with raw material and seeding with purified crystals of the vitamin, whereas 
the solutions for experiments 4 and 5 were prepared using recrystallized material. The 
value of the total counts/s increases during all the experiments reaching more than 30,000 
#/sec in experiments 1 and 2 (solution prepared with raw material) and almost the same 
amount in experiment 5. The final crystal size distribution in these experiments is very 
broad and the presence of large crystals can be noticed together with fines (as shown in 
Figure 12.10). Breakage can be observed at the end of the temperature profile for 
experiment 1 and 5 (see Figure 12.9a and b). 
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Figure 12.8: Temperature, UV signal and total counts/s for (a) experiment 1; (b) experiment 2; (c) experiment 4; and  (d) 
experiment 5; all from Table  12.3. 
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Figure 12.9: Chord length distribution evolution for (a) experiment 1; (b) experiment 2; (c) experiment 4; and (d) 
experiment 5; all from Table 12.3. 
 
Figure 12.10 shows microscopic images of the crystals at the end of each of the 
temperature cycling experiments. Larger crystals were obtained with solutions made from 
crystallized material (experiment 4 and 5), although crystals from experiment 5 presents a 
broader distribution, probably because both breakage and nucleation occurred during the 
cooling profile. Temperature cycling seems to give better crystal size distribution 
compared to slow cooling but cooling/heating conditions has to be determined with several 
experiments using statistical design of experiments in order to optimize the process as the 
direct nucleation control based direct design approach may not work for this type of 
system (high aspect ratio needles). 
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12.4.5 Purity analysis using HPLC  
The final crystals of all experiments were analyzed with HPLC: the results are shown in 
Table 12.4. Seeded SSC over a solution of raw material gave an average improvement of 
purity of 3.19 % against about 3.4 % obtained with temperature cycling. Even when using 
purified material to prepare the solution, temperature cycling gave the highest 
improvement in purity, even higher than seeded slow cooling in water. Using the same 
solvent and the same type of starting material, it is clear that temperature cycling have 
slightly higher purification efficiency than supersaturation control and simple seeded slow 
cooling. This is due to the fact that the multiple steps of partial surface dissolution and 
regrowth at low supersaturation that occur during the temperature cycles have an effect of 
rejecting impurities from the crystal lattice. The results illustrated the benefits of using 
PAT for the understanding and design of a biopharmaceutical crystallization and provide a 
proof-of-concept on how suitable feedback control strategies can be applied to improve 
crystal purity and CSD. 
 
100μm 
100μm 
100μm 
100μm 
(a) (b) 
(c) 
(d) 
Figure 12.10: Microscopic image of final crystals from (a) experiment 1; (b) experiment 2; (c) experiment 4; and 
(d) experiment 5; all from Table 12.3. 
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Table 12.4: HPLC purity results for unseeded experiments performed 
Sample 
Purity 
(%) 
Improvement in 
purity (%) 
Starting material 
Raw material 93.11 0 n.a. 
SSC Experiment 1 96.29 3.18 Raw material (93.11%) 
SSC Experiment 2 96.31 3.20 Raw material (93.11%) 
SSC Experiment 3 96.30 3.19 Raw material (93.11%) 
SSC Experiment 4 97.47 1.17 
Crystal from SSC 
experiment 3 (96.3%) 
SSC Experiment 5 97.42 1.12 
Crystal from SSC 
experiment 3 (96.3%) 
SSC Experiment 6 97.5 1.20 
Crystal from SSC 
experiment 3 (96.3%) 
TC Experiment 1 96.51 3.40 Raw material (93.11%) 
TC Experiment 2 96.60 3.49 Raw material (93.11%) 
TC Experiment 3 96.40 3.29 Raw material (93.11%) 
TC Experiment 4 97.68 1.28 
Crystals from TC 
experiment 3 (96.40%) 
TC Experiment 5 97.69 1.29 
Crystals from TC 
experiment 3 (96.40%) 
TC Experiment 6 97.67 1.27 
Crystals from TC 
experiment 3 (96.40%) 
Slow cooling of purified 
material in water 
97.54 1.24 
Crystal from SSC 
experiment 3 (96.30%) 
Seeds used for supersaturation 
control experiments 
97.57 4.46 n.a. 
Seeds used for temperature 
cycling experiments 
97.54 4.43 n.a. 
 
12.5 Conclusions 
Different crystallization strategies using PAT tools were tested on a relatively small 
biomolecule produced by fermentation. This method of production usually leads to the 
presence of a large amount of impurities in the material that makes the design of the 
crystallization process particularly difficult and reduces the quality of the final crystals in 
term of purity, size distribution and consistency of these critical quality attributes. Multiple 
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successive recrystallizations of the same material can help eliminating impurities but also 
contribute to decrease the total yield of the purification process. In this chapter 
supersaturation control, temperature cycling and DNC were tested and compared to simple 
slow cooling in order to improve the final crystal size distribution and purity of the 
produced crystals, avoiding multiple recrystallization processes. It was found that direct 
nucleation control is not suitable because of the specific morphology of the compound: the 
growth of needle crystals is accompanied by an increase in the total counts/measurement, 
therefore, trying to keep the counts constant prevent the particles from growing. In general, 
using material which was crystallized once to prepare the solution, helped in improving the 
final crystal size distribution regardless of the type of crystallization strategy used. Among 
the experiments with material recrystallized once, temperature cycling with fast 
heating/cooling rate gave the highest purification efficiency. Temperature cycling can also 
give good final size distribution but cooling/heating conditions has to be chosen properly, 
eventually using design of experiment. Supersaturation control is a simpler approach that 
also gave a narrow distribution with larger crystals compared to simple linear cooling of 
material crystallized the same number of times. In conclusion, three feedback control 
strategies were tested on a biopharmaceutical and two of them were proved to increase the 
quality of the CSD and purity of the final product compared to traditional slow cooling. 
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13 Conclusions and future work 
 
13.1 Conclusions 
The polymorphic outcome of a crystallization from solution (cooling, evaporation or anti-
solvent) is strongly related to the conditions of the process:  the choice of solvent, pH, 
kinetic conditions and presence of impurities in solution will determine the polymorph 
nucleated and, therefore, the properties of the final product (in particular solubility and 
bioavailability).  For this reason understanding polymorphism, as well as being able to 
monitor and control it during industrial crystallization, is very important. In this thesis 
process analytical technology (PAT) tools were used to both monitor and control 
polymorphic purity of the solids in a batch crystallization process and to gain a better 
understanding of the effect of solvent and additives on polymorphism of an organic 
compound (OABA) commonly used for the production of dyes and as an intermediate for 
the production of pharmaceuticals.  
The correct interpretation of signals from PAT tools during a crystallization experiment 
and the development of efficient calibration strategies is very important to control the 
process and obtain crystals with the desired characteristics. In this thesis, Raman 
spectroscopy was studied in details and a good calibration practice procedure was 
developed to optimize the measurement of the polymorphic composition of slurries during 
batch cooling crystallization processes. Other spectroscopic techniques (NIR transflectance, 
ATR-UV/Vis and mid-IR) were also tested and compared for the measurement of solute 
concentration using multivariate calibration. Furthermore, a concept of composite sensor 
array (CSA) which combines signals from different instruments using principal 
components analysis was experimentally tested for the first time. This approach could be 
very useful in a processing plant environment where more signals are monitored at the 
same time: the reduction of the amount of information to two or three principal 
components only would make the monitoring of the process much easier and quicker for 
the operators.  
Both a model-free and a model-based feedback control strategy (APFC) that combines 
Raman and ATR-UV/Vis spectroscopy was developed for the selection and optimal 
growth of the stable polymorph in a batch crystallization, after erroneous seeding or 
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nucleation of a mixture of polymorphs. In the calibration-free strategy Raman 
spectroscopy is used to detect the presence of the undesired (metastable) polymorph and 
trigger a dissolution cycle until its complete elimination. The remained crystals of the 
desired (stable) polymorph are then grown using a calibration-based supersaturation 
control. The solute concentration is kept below the solubility curve of the undesired 
polymorph during the cooling profile in order to avoid its further nucleation. The proposed 
approach is a highly robust adaptive control strategy that can eliminate batch-to-batch 
variations in the polymorphic purity of crystalline products due to either nucleation of 
mixture of polymorphs or erroneous seeding. It also represents the first example of 
feedback control over polymorphic purity using a combination of two different 
spectroscopic techniques. A model-based optimization of the APFC was also performed, 
and the optimal temperature profile that maximises the size of the crystals of the stable 
form at the end of the batch allowing, at the same time, elimination of the metastable form 
was determined. The model-based approach is an improvement of the model-free since it 
can control and optimize both the size distribution and the polymorphic purity of the 
crystals.  
For the model-free and model-based APFC PAT tools were used to control the 
polymorphic purity of the solid phase in a crystallization process. However, they are also a 
very useful resource to investigate the fundamentals of polymorphism and, in particular, 
the role of solvent and impurities on polymorphic outcome of crystallization from solution. 
In this thesis, Raman, ATR-FTIR and ATR-UV/vis spectroscopy were used to understand 
the effect of the solvent composition and a structurally related additive on the polymorphic 
outcome of a zwitterionic compound were analysed using PAT tools and off-line 
characterizations techniques. A strong relationship between the amount of zwitterions in 
solution and the polymorph of OABA nucleated in cooling crystallization was found using 
ATR-UV/Vis and Raman spectroscopy. Additionally, all the three known polymorphs of 
OABA were obtained using different combinations of solvents and additive/OABA ratios 
in solution.  Furthermore, in specific conditions, the additive was used to tailor shape and 
size of the crystals of the stable polymorph of OABA. These results show how 
polymorphism and crystal size and shape of organic compounds can be tailored by an 
opportune design of the crystallization process and, in particular, by choosing the correct 
solvent and the amount of additive.   
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In the last decade the production of biopharmaceuticals has tremendously increased. 
Biomolecules are used as medicines to treat a wide range of diseases but also as nutritional 
supplements. The biological synthesis of these compounds often leads to a high amount of 
impurities in the product that have to be removed. Crystallization can be used as a 
purification technique for biopharmaceuticals but the processing conditions have to be 
chosen carefully in order to guarantee efficient removal of the impurities and also good 
quality crystals at the end of the batch. In this thesis the crystallization step of an impure 
biopharmaceutical compound (vitamin B12) was studied using FBRM and ATR-UV/Vis 
and different feedback control strategies were tested in order to improve the final crystal 
size distribution and purity of vitamin B12. The use of PAT tools allowed a better 
understanding of the system and, in particular, of the effect of impurities on nucleation and 
growth kinetics of vitamin B12 crystals. Furthermore, supersaturation control and 
temperature cycling were successfully used to improve final purity and crystal size 
distribution of the product.  
The experimental and modelling work of this thesis shows how PAT tools can be used to 
efficiently monitor and control polymorphic system during a crystallization process. 
Additionally, the same tools can be used to gain a better understanding of the effect of 
solvent and impurities on polymorphic systems.    
 
13.2 Future work 
In this section some recommendations for future work are given: 
• The good calibration practice procedure for Raman spectroscopy should be 
improved using different types of probes and optics (PhAT probe for example) to 
better suit the quantitative analysis of solid suspensions. The same analysis of the 
effect of different parameters (temperature, solid density, polymorphic purity, size 
and shape) can be performed on the desired probe and Design of Experiments can 
be applied to find the best set of calibration experiments.  
• The concept of composite sensor array (CSA) could be easily developed and 
implemented in the existing CryPRINS software. Data from FBRM, ATR-UV/Vis 
and Raman sensors could be sent to the software and arranged in a single matrix 
after opportune pre-processing (autoscaling for all the signal and derivative of 
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baseline corrections for spectroscopic techniques). A principal component analysis 
would be then automatically performed and the main scores displayed on a user 
friendly interface. After a proper calibration the principal component scores could 
be easily used for monitoring of crystallization processes and, eventually, 
automatic control. 
• The solute-solvent interactions and their effect on polymorphism should be further 
investigated using both simulations (with the Gaussian software and molecular 
dynamics) and analytical techniques (solid state nuclear magnetic resonance, 
ssNMR, X-ray photoelectron spectroscopy, XPS, and near edge X-ray absorption 
fine structure, NEXAFS).  
• The effect of benzoic acid on the nucleation of OABA should also be analysed 
more in detail by surface free energy measurement of the crystals (using inverse 
gas chromatography for example) and simulation techniques such as Hirshfeld 
analysis. 
• The analysis of impure systems could also be carried on and, in particular, the 
effect of impurities over shape and morphology of the crystals should be studied 
more in details using XRD and SEM spectroscopy. The dissolution and growth 
kinetics can be systematically determined using PAT tools (using the methodology 
shown in chapter 7 of this thesis) in order to estimate the best conditions to control 
and tailor shape and size of the crystals during a crystallization process.  
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